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compare as favorably with the results of Goe a| dlysis. This is attributed, at least in part, to the fact that the hydrogen jet was
generally underexpanded relative to the "oC,, static pressure of the airflow measured immediately upsiream from the
injection location.

As an adjunct to the study of non- reactiig and reacting shear-layer mixing in a slowly varying static pressure field, thc
effect of inducing a more severe adve;-e pros! j'ie gradient in the flowfield was assessed. In making this assessment, both the
shear-layer and mixing-layer grow, n rae.s re examined. (The mixing layer is defined herein as the distance between the
test section upper wall and the shear-laser oarer edge.)A shock wave was caused to intersect the shear-layer mixing region
by strategically locating a 6-degree comp-e-. -ion ramp in the supersonic flow. The effect of this shock interaction with the
rrixing layer on the mixing and coa.ibno0 processes was measured using the aforementioned probing techniques.

At xVU = Iou-, during comr_.-;ti :i tests, the consequtnces of the shock wave-mixing layer inieraciion inctudd an
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the shear layer towad the airflou,. v)though the shear-layer growth rate was unchanged with respect to the free shear-layer
growth rate. Based on the limited quantity of data acquired, for essentially matched (when properly expanded) hydrogen
and air velocities, occ-tris.g during the low- !emperature non-reacting mixing tests. the shear-layer growth rates measured
at x/0 = 100 and 50 ,'oth decreased relative to the free shear-layer rates as a consequence of the shock interaction.

Recommendations are made to further examine the separate effects of injection Mach number and injection
pressure mismatch on the shear- and mixing-layer growth rates, since both supersonic combustor performance and
film-cooling efficacy rely heavily on the understanding of mixing-layer behavior.

Comparis')ns are wade between the data acquired at the two measuring stations and between the measured data and
the romputational results. '"he data that characterize the growth of the mixing region are compared with available
semiempincal movde!s as well as the 0I- results. Combustion data are compared with the resuits of a cycie analysis and the
CFD computations.

It was found that the level of agreement between the predicted and measured stagnation temperature and pilot
pressure profiles at two axdal locations in the flowfield was only fair. It was concluded that the computed results were
sensitive to the distribution of grid nodes in the vertical (cross-stream) direction. It was also noted that large errors in the
length scale detrmirniation (used in an algebraic model for the turbulent viscosity) could be produced by a poor or
inadequate grid node distribution, but the use of a K--epsilon model is not faced with such limitations.

Computed axial wall static pressure distributions vere not in good agreement with the measured data. It was noted
that, for supersonic, internal flows in which two parallel streams of dissimilar gases mix, slight variations in flow properties
a,ýl/or in initial conditions can significantly alter the wave pattern induced by the two-stream interaction. It is
recommended that, owing to its greater flexibility when used in complex flow situations, the k--epsilon tuibulence model be
used in future efforts of this type.
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SUMMARY

This report documents a research program that was conducted to acquire experimental data
characterizing supersonic shear-layer mixing and combustion in a representative supersonic
combustor configuration, and to use these data in comparisons with the results of computations

employing selected Computational Fluid Dynamics (2FD) codes. A two-dimensional test apparatus

measuring 3-in. high x 6-in. wide was employed that inc..orporated tangential slot injection of gaseous
hydrogen into a supersonic vitiated airstream. The test i.apparatus used incorporated the following
characteristics:

"* Water-cooled side-, upper-, and lower-wall surfaces in which the coolant flow-
rates and bulk coolant inlet and outlet temperatures wtre each recorded. The
lower duct wall comprised several separate cooled blocks, including mounting
blocks for installation of intrusive instrumentation which could be installed at
any axial location in the surface. Each sidewall incorporated three windows for
optical access.

" An adjustable slot in a rearward-facing step in the upper veall through which gas-
eous hydrogen fuel or a gaseous nitrogen purge flow could b, •,dmitted. Although
the current effort employed sonic injection, the upper wall inch ded removable
blocks that can be modified to permit supersonic injection of fi iel.

" A constant flow cross-sectional area between the supersonic mc,zzle exit and the
axial location at which the hydrogen was injected. The hydroge-i injection slot
height was 0.292 in. and the thickness of the water-cooled spli',ýer plate was 0.08
in. Downstream from the injection location, the upper wall -wa.' angled at two de-
grees to compensate for boundary-layer growth. The .est-sectiou exit-to-entrance
area ratio was thus approximately 1.32.

k it,vz1i,, Ivy Iintai'itig a compression ramp on the lower surface so as to induce
the occurrence of a shock that could interact with the free-shear layer mixing re-
gion.

Measurements of static temperatures and hydrogen and water vapor concentrations were made
using Coherent Anti-Stckes Raman Spectroscopy (CARS). Total temperatures and pitot pressures
were measured simultaneously using a Dual Sonic Orifice (DSO) probe. The data, comprising
traverses of the CARS beams and the probe across the free shear-layer from the vitiated-airstream
into the hydrogen layer, were acquired during non-reacting and combustion tests in which the gaseous
hydrogen was introduced at flowrates corresponding to nominral equivalence ratios of 0.5 or 1.0. Wall
static pressure distributions were recorded for the various steady-state conditions examined. Similar
data were acquired for both the "c(onstant-pressure "free shear-layer flowfield and for the case in
which a shock wave was induced to interact with the mixing region by inserting a six-degree ramp in
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the flowfield. Schlieren and shadowgraph flow visualization data and direct visualization of the mixing

and combustion events were recorded on video tape.

Noteworthy results and conclusions from this investigation include the following:

The shear-layer growth rate determined through measurements of the pitot thickness

during free shearlayer combustion experiments was approximately 0.05 at both low-

and high-equivalence ratio hydrogen injection, as predicted by semiempirical

analysis.

No significant change in that growth rate was detected to occur during further

combustion experiments in which a shock wave was induced to interact with the

shear-layer mixing region. The extent of the mixing region, defined as the region

between the upper wall of the test section and the outer edge of the shear layer, did

however increase significantly under the influence of the shock wave interaction.

Four computational fluid dynamics (CFD) codes were considered in the course of the study,

comprising two NavierStokes (NS) and two Parabolized Navier-Stokes (PNS) treatments. Preliminary

examination showed that both NS codes produced comparable results and that the PNS codes

rcqu,,,, LU,. ,,r ,v, m"ý;ft before they could uM used iuutullty io sinulatic flows of interest to the

current study. Only one of the Navier-Stokes codes was available through U.S. Government sources.

Thus, the computational effort was directed toward the use of this code, i.e., the SPARK code, Based

on the results of this study involving these codes, the following observations were made:

In general, the level of agreement between the predicted and measured stagnation

temperature and pitot pressure profiles at two axial locations was only fair. It was

concluded that the computed results were sensitive to the distribution of grid nodes in

the cross-s'ream direction.

Computed axial wall static pressure distributions were in poor agreement with the

measured data. It was noted that, for supersonic internal flows in which two parallel

streams of dissimilar gases are mixed, small variations in the flow properties and initial

conditions can alter significantly the resulting wave pattern.

It is recommended that the data developed during this effort be used to examine whether suitable

grids can be developed to improve the level of agreement between computed and experimental results.

Owing to its greater flexibility in applications involving complex flows, the k-epsilon turbulence model

should be used in future efforts of this type. Corrections for compressibility should be incorporated

into this model.
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INTRODUCTION

Supersonic combustion engines received a great deal of attention 10-20 years ago through a

nimber of Air Force sponsored programs which led to testing of hytrogen-fueled engines.
Hydrogen-fueled supersonic combustion ramjets (scramjets) hold great promise for producing high
propulsive efficiency for flight at hypersonic speeds. Applications of interest include interceptor

missiles, advanced high-speed aircraft and an advanced aerospace vehicle which would provide ready
access to space and/or rapid point-to-point global transportation.

During the period between circa 1960 and 1970, the United Aircraft Research Laboratories (now

United Technologies Research Center) demonstrated a variable geometry scramjet (Refs. 1,2), the
Marquardt Corporation tested a dual-mode scramiet (Refs. 3-5), the General Electric Co. worked on
a variable-geometry component integration model (Ref.6),and General Applied Science Laboratories
developed both research and flight-test module scramijet engines (Refs. 7-10). The Applied Physics
Laboratory of the Johns Hopkins University also contributed heavily to the research activities in
supersonic combustion and scramjet engines (Refs. 11-15) during this time, under support provided
by the United States Navy. Also, during the period 1966 through 1975, the NASA Langley Research

Center sponsored the development by the Garrett Air Research Corp. of a Hypersonic Research
Engine (Refs. 16-i9)1; More recently, NASA 'has 'bee developiig the technoiogy for an

airframe-integrated scramjet engine and has addressed a wide range of key areas including
combustors, inlets, structures, advanced diagnostics and computational fluid dynamics (Refs. 20-26).
Collectively, their activities have confirmed the feasibility of scramjet operation, helped idcntify the
needs for further research and made significant advances towards developing the critical technologies

associated with this engine cycle.

Considerable progress has been made towards the development of the hydrogen scramjet
propulsion system and the outlook is promising for major strides to be made owing to advances in

critical enabling technologies such as computational fluid dynamics, nonintrusive diagnostics and
high-temperature materials. Nevertheless, the technical challenges to the development of scranijet
engines are significant in core areas such as inlets, ccxmbustors, nozzles, structures, computational
fluid dynamics, test facilities and in areas related to the propulsion system such as controls,

engine/airframe integration, etc. Studies now underway will serve to quantify these challenges and
establish prioritized plans for resolution of the issues involved. While significant effort will be required
in all of the critical areas, the issues confronting development of efficient supersonic combustion are
tea, ily apparent. Moreover, the supersonic combustor impacts each of the other critical areas, to wit:
inlet/combustor interactions have caused severe difficulties for scrarnjet engine developers, the
combustor establishes the flow properties at the nozzle entrance and impacts the nozzle configuration,
the combustor environment helps establish many of the more taxing requirements for materials and
cooled structures, and the combustor is perhaps the most difficult component to model using
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computational fluid dynamics. In view of this, UTRC structured this program to concentrate on the
technology of the supersonic combustor.

While development activities are structured to mature those technologies critical to producing an
effective propulsion system, research activities are more likely to effect an understanding of the
fundamental nature of the supersonic combustion process and include the control of inlet-combustor
interactions, the enhancement of combustion resulting from compression and oblique-shock wave
interactions with supersonic diffusion flames, and the interrelationships between combustor geomet.y
and spatial fuel-injection staging.

The objective of the experimental and analytical program was to help develop a rational
approach to the analysis and design of hydrogen-fueled supersonic combustors. A specific objective
of the program was to quantify the influence on the diffusive supersonic combustion process of
compression/expansion waves present in supersonic combustor flows. These wave phenomena are
indigenous to supersonic combustors due to 1) the nature of the flowfield delivered by the inlet, 2) fluid
dynamic interaction between the combustor mainstream and the geometric features of the combustor,
and 3) thermally-induced compression resulting from the volumetric expansion of hot gases produced
by combustion.

The approach chosen to meet the stated objectives was to conduct a supersonic combustion
experiment which was sufficiently generic so that the results would have broad application to this
critical technology while retaining the features essential to representing the combustion process in
realistic scramjet engines. The experiment was performed in the UTRC Supersonic Combustion Test
Facili y using a water-cooled research combustion tunnel. This tunnel embodies the essential features
of a scramjet combustor and provides access for detailed measurement of the combustion process.
Advanced laser diagnostics were employed to obtain combustor temperature and species
distributions throughnnt thik cnrohu.itor The combustion experiment wone mo, le -0iang

state-of-the-art Computational Fluid Dynamics (CFD) procedures.

The program reported herein was conducted in three tasks, "lhsk 1, a Supersonic Combustion
Experiment, Task 2, an Evaluation of CFD Methods, and Task 3, a Thermal Compression Analysis. All
three tasks were performed simultaneously during the course of the program but will be discussed
serially in this report. The Task 1 discussion comprises descriptions of (1) the apparatus used for the
experiments, (2) the instrumentation, (3) experimental procedures, (4) data reduction procedures, and
(5) the el;perimental results. Task 2 discusses (1) the selection of computer codes, (2) the selection of
experimental cases for analysis, (3) the data available for CFD code comparisons, (4) model

assuwuptions, and (5) comparisons between the computed results and the experimental data. Under
Task 3, a brief discussion of the formulation of a simplified supersonic combustor analysis is
presented. Following these reviews of the work performed within each task, a discussion of the
program results and concluding remarks are provided.
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TASK 1: SUPERSONIC COMBUSTION EXPERIMENT

EXPERIMENIAL APPARATUS

The experimental configuration consists of a two-dimensional, 6-inch wide x 3-inch high test

section to which vitiated air was delivered at a nominal Mach number of 3 from a hydrogen-fueled air
heater. The oxygen content of the vitiated air delivered to the test section was maintained at
near-atmospheric concentration by burning the hydrogen in the heater with the oxygen required to do
so. Nominal total temperatures of 2000 R or 4000 R were developed to provide a test section

environment in which non-reacting mixing tests or combustion tests were performed. The test section
entrance static pressure was typically approximately 6 psia. Mixing and combustion tests were
conducted by injecting gaseous, room temperature hydrogen at sonic velocity through a slot in the base
of a rearward-facing step spanning the 6-inch width oi the test section. A schematic diagram showing
pertinent geometric features of the test section is presented in Fig 1*. In the figure, the test section
begins at the exit of the supersonic nozzle, designated as x = 0 in the figure. The fuel injection slot is

situated at a distance of 13.56 inches from the nozzle exit. The first pair of windows, centered at a
distance, x = 14.13 inches, provides for CARS data acquisition at a location immediately upstream
from the injection slot. A photograph of the fuel injection slot seen through the first test section

window is shown in Fig. 2. The second and third pairs of windows are centered at x = 19.25 and 24-33
inches, respectively. The overall test section length is 30 inches and the length available for mixing is
16.44 inches. For the tests reported herein, the height of the sonic hydrogen injection slot was 0.292 in.
The water-cooled splitter separating the slot frcm the primary airstream was 0.08-in. thick and had a
blunt trailing edge. Downstream from ti-e injection slot, the upper wall was angled upward two degrees
to compensate for boundary-layer growth. The test section exit-to-entrance geometric area ratio was
1.32.

The test section exit wis connected via a circular exhaust duct to an air-driven ejector whichs€er-vePd to• rnantain ;i c,,ffil,;e, fl.•, I w.. lack^ .........

................ .a suffcier...y . V , akpressu,• r to avoid separated flow in the test section. "he

ejector motive flow also served to reduce the concentration of unburned hydrogen passing from the

test section to the exhaust system. To reduce the likelihood of the occurrence of a detonat'on of
unburned hydrogen in the exhaust, si- hydrogen-air torches, whose design is based on the details
provided in Ref. 27, were situated at ,ztrategic locations in the duct and were ignited to burn
continuously during the duration of a mixing or combustion test. Unburned hydrogen entering the
duct thus was ignited and burned in a controlled manner. In addition to the above precautions, water
was sprayed into the exhaust duct to cool the test gas at the test section exit.

A photograph of the water-cooled copper test section is provided in Fig. 3. The three window
locations visible in the photograph correspond to the three measuring stations, at which static

* Figures arc listed at the end of this report.
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teraperature and species data, using Coherent Anti-Stokes Raman Spectroscopy (CARS), and total

teniperature and pitot pressure data, using a water-cooled Dual Sonic Orifice probe were acquired.
The 2-inch x 4-inch windows were film-cooled with nitrogen. Vertical surveys in the lateral plane of

symmetry were conducted during both mixing and combustion tests, over a period of approximately

1.5 minutes. The total test duration was 2.5 minutes.

INSTRUMENTATION

Test Section and Facility-Test section wall static pressures were measured during the tests using
high-speed digital pressure scanners. The pressure connections to the test section were routinely

purged prior to each test to remove condensed water vapor. (A brief discussion describing this

procedure and a number of other experimental challenges and procedures is pi ovided in Appendix A.)

The test section coolant flowrates and coolant temperature rise were also measured and recorded for

each test. The hydrogen delivered to the slot fuel injector was metered using critical flow venturies. The
hydrogen iiijection manifold pressure was also monitored and recorded to establish injection

condition data.

A schematic diagram showing the overall facility and test apparatus instrumentation is provided
in Figure 4. The flowrates of air, oxygen, and hydrogen to the vitiated air heater were also measured

with critical-flow venturies. In addition to total pressure, the reactant total temperatures were

measured using thermocouples installed near the venturi total pressure tap. Critical flow through the
hydrogen and oxygen venturies was achieved by propý-rly sizing these venturies to operate at the high
pressures available, i.e., the gases were provided from trailers in which the gases were stored at

approximately 140 atm. Thus, throat static pressures were not recorded for the oxygen or hydrogen
venturies. A throat static pressure measurement was however, recorded for the flow through the air
:.'enturi. Redundant measurements of the air venturi total and throat pressures and the vitiated-air
heater total pressure were made to avoid the loss of data in the event of a partial instrumentation

failure. Heater, nozzle transition, and supersonic-nozzle water coolant flowrates and bulk coolant inlet
and outlet temperatures were all recorded during each test.

Traversing Probe-Instream total temperatures and pitot pressures were measured using a
traversing Dual Sonic Orifice (DSO) probe. A schematic diagram of the probe is provided in Fig. 5.
The probe was water-cooled and capable of operating in gas streams with stagnation temperatures as

high as 5500 R. To ensure that the water vapor in the gas being passed through the probe remains

gaseous, a steam jacket encircles the gas path through the probe. In using the probe, the local

stagnation temperature at the probe tip was calculated using the continuity equation for critical flow.
The measured quantities are the pressure upstream of the choked tip-orifice, ane the temperature and
pressure upstrý;am of a second critical-flow orifice located at some distance downsticam of the

tip-orifice. A vacuum pump provided a sufficiently low backpressure for the probe to ensure that
critical flow was maintained through both orifices during use of the probe. A derivation of the

4



equations used to calculate a stream total temperature from the measured quantities is presented

below in the section entitled "Data Reduction Procedures". The probe was traversed vertically in the

lateral plane of symmetry of the test section at selected axial distances downstream froma the fuel
injection slot. The probe motion was governed by a stepping motor that received commands from a
programmed controller. The positioning accuracy of the probe drive was better than 0.010 in. The
probe tip-orifice diameter was 0.04 inch. On the basis of experimental results, a probe dwell time of 3

seconds per point, was sufficient to yield satisfactory pressure and temperature data. A schematic
diagram of the probe installation in the test section at a typical axial location is provided in Fig. 6.

Generally, the probe could be traversed so as to provide data within 0.03 inch from the lower wall and
0.16 inch from the upper wall. A complete vertical traverse thus was approximately 3 inches in extent.

Traversing CARS--Instream static temperature and hydrogen and water vapor concentration
data were obtained using a mobile CARS apparatus. The CARS system used, depicted in Fig. 7, was
specifically designed and constructed to operate in typical large-scale experimental facilities. The
transmitter and receiver were situated on either side of the test section and were mechanically linked
by a bridge structure that straddled the test section. This bridge also supports the optics that transmit

the laser beams into the test section through the windows and the CARS and laser beams out of the test
section to the receiver. Finally, the lenses used to focus the laser beams to a measurement volume
approximately 0.15 mm in diameter and 4 mm in length are mounted on the bridge. Thus, the CARS
measurement point could be traversed vertically in the lateral plane of symmetry without moving the
transmitter or receiver. This vertical translation was also driven by a stepper-motor and was
controlled from a remote location.

In the experiments reported, three gaseous species were monitored to characterize the mixing

and combustion processes occurring in the flowfield. Since nitrogen is a primary constituent in
air-breathing combustion reactions and its CARS spectrum is well understood, it was selected as the
constituent from which to acquire temperature data. Hydrogen and water vapor were also selected
s;nce . . ,,cy car, provide judicaiuns of the ieveis of mixing and combustion achieved in the flow.
Additional details regarding the CARS data acquisition and reduction strategy may be found in

Appendix B.

EXPERIMENTAL PROCEDURES

Definition of Initial Conditions-Test section entrance flow surveys were conducted by
traversing the DSO probe and the CARS beams vertically in the test section plane of symmetry. These
data were acquired at the first measuring station, immediately upstream of the fuel injector splitter
trailing edge (see Fig. 1). Pitot pressure and total and static temperature profiles were measured at this
location for a range of vitiated-air heater total temperatures from 1800R to 3900 R. The data plovided
a record of the variations in initial conditions corresponding to changes in the heater total temperature
for an essentially constant heater total pressure. Total temperature and pitot pressure profiles
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measured at the entrance of the test section during the development of vitiated-airflow at a heater total

temperature of 3140 R are presented in Figs. 8 aiud 9, respectively. In all of the figures depicting data, Y
is the vertical distance measured upward from the lower surface of the test section. The profiles

indicate that the total temperature and pitot pre-ssure a,-e uniform to within approximately 3 and 6

percent, respectively for the central portion of the test section entrance flow. It was observed that the

upper and lower wall test section entrance static pressure levels were nearly equal for these

experiments. Furthermore, the pitot pressure profile data acquired at the test section entrance did not

exhibit features that would suggest the presence of strong shock waves in the entrance flow. Thus, a

linear static pressure distribution, as depicted in Figure 10, was assumed to exist at the test section

entrance. Mach number, total pressure, static temperature, and maass flux profiles were computed

using the static pressure data and are presented as Figs. 11 through 14, respectively. The

computadional procedure yields average Mach numbers of 2.85 and 2.75 for the low- and
high-temperature cases, respectively. Calculated mass balances are typically within anproximately 2

percent of the measured data. Similar test section entrance data were generated for each mixing or

combustion test being evaluated using the CFD analyses. Test-to-test variations in heater conditions

resulted in test section entrance conditions for mixing and combustion tests that varied somewhat

from those for which detailed profiles were measured. To compensate for these variations, the detailed

test section entrance profile levels were scaled according tc the total temperature and pressure of the
tP-t nnrh-r inalyV-i-, It was hbsPrved that the acnqired teqt Sertion enrtanC.e nitnt pressure and tntal

temperature profiles, irrespective of the heater exit total temperature level used, were similarly shaped.

Test section entrance total temperatures varied essentially directly with changes in heater exit total

temperature. Thus, to provide test section entrance profile data for experiments, i in which the heater

exit conditions differed from those used in the baseline, bl tests, pitot pressure and total temperature
profiles for CFD code application were derived through the use of the following ratios:

D /.,= ID _kx P1htri) (1x

"A Pk A p-lPI' ) Phn 1-(bl)

and

T1(i) = T1(bl) x (2)
Thtr(bl)

where Pp and Tt are the test section entrance pitot pressure and total temperature, respectively and

Phtr and Thtr are the htr heater total pressure and total temperature, also respectively. Comparisons

were made of the acquired pitot pressure and total temperature profiles for the baseline tests. These

comparisons showed that differences between normalized levels of these parameters were not more

than 5 percent of the normalizing value, i.e.., heater total pressure or total temperature.
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Mixing and Combustion Experiments-Hydrogen-air mixing and combustion experiments were
performed by delivering vitiated air at nominal (ideal) total temperatures of 2000 and 4100 R,
respectively to the test apparatus from the hydrogen fueled heater. A summary of the mixing and
combustion experiments conducted is provided in Table 1" according to the experimental run number
listed in the first column of the table. The next five columns refer to the heater operation, i.e. the heater
total pressure, air, oxygen, and hydrogen weight flowrates, and the heater exit total temperature,

respectively. The next four columns list levels of test section entrance total temperature, upper and
lower wall static pressures, fuel (hydrogen) flow rate, and fuel-air equivalence ratio, based on a
stoichiometric fuel-air ratio of 0.0295. The final column denotes the station at which DSO probe and
CARS data were acquired during that test. The set of tests listed under "Initial Conditions", i.e., Runs
9 through 43, provided data that characterized the test section entrance conditions, i.e., flow profiles
and wall static pressures, for several heater total pressure and total temperature levels. Initial tests in
the experimental effort established that autoignition of the hydrogen would occur only at or above an
ideal heater total temperature of 4100 R and that the use of a supplementary hydrogen/oxygen torch
did not aiter the combustion process. The nominal test section entrance flow conditions established

for this elevated temperature level and the low temperature of approximately 2000 R, to be used during
non-reacting mixing tests, are listed in Table 2. The vitiated-air heater exit total temperature was

calculated from the measured heater pressure and the measured air, oxygen, and hydrogen flowrates
delivered to the heater, according to the procedure outlined in the "Data Reduction Procedures". The
test section entrance bulk gas total temperature was deduced by reducing the total temperature
calculated at the heater exit to reflect the measured heat flux to the water coolant of the
heater-to-nozzle transition, supersonic nozzle, arid test section entrance duct, also in accordance with
the procedure discussed in the "Data Reduction Procedures".

The tests in Table 1 under the heading "Free Shear-Layer Tests" i.e., Runs 44 through 101,
comprised the bulk of the experimental effort. These mixing and combustion tests were performed by
injcting* gaseous,,roo temnperaturc hydrogen tangentially through the injection slot at flowrates
corresponding to nominal fuel-air equivalence ratios of 0.5 or 1.0. The objective of these experiments
was to chamactzrize the mixing process occurring in an essentially constant pressure flowfield by
probing the flowfield at sites downstream from the injection station and in particular, in the vicinity of
the shear layer. Optical (CARS) and probe (DSO) traverses were performed at each of the two axial
locations of the windows, i.e., at Measuring Stations 2 and 3 in Fig. 1. The probe and CARS beams were
traversed vertically, i.e., in the vertical plane of symmetry, normal to the test section airflow, from the
lower surface to the upper surface, crossing the shear layer, at each of the measuring stations. These
stations are located at distances of approximately 6 and 11 inches downstream of the fuel injection slot,
respectively.

* Tables are listed at the end oi this report.
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The "Pressure Gradient Tests", Runs 102 through 128 in Table 1, consisted of mixing and

combustion experiments in which a six-degree compression rampwas installed on the lower surface of

the test section. The ramp served to induce the occurrence of a shock wave which was permitted to

intersect the shear-layer mixing region in the vicinity of the second measuring station. Optical and

probe traverses were performed at each of the two downstream measuring stations. Room

temperature hydrogen was again injected at flowrates corresponding to equivalence ratios of

approximately 0.5 and 1.0. The vitiated-air heater total temperature and pressure conditions used for

the previous free shear-layer tests were again imposed to enable the acquisition of combustion and

non-reacting mixing data.

DATA REDUCTION PROCEDURES

The general data reduction program utilizes input conversion factors to redu#;e the test data to

engineering units. Conversion factors for strain-gauge-type instruments are determined through

direct calibration, whereas standard tables of conversion factors for copper/constantan, chromel/alu-*

mel or any appropriate thermocouple combination are incorporated into the program. The program

also includes several general equations which permit calculation of certain quantities. For example,

the rates of flow of air, hydrogen, and replenishment oxygen delivered to the vitiated-air heater are

metered using venturis. Ihe program computes the flow rates of these fluids throughout a test with

either of the following equations.

RTT (choked flow) (3)

or

w - oA.P.rf~--' }~- -i \
W = CDAThiPSr' T -1 Ps(P [\ Ps

R/TT ~Y1\P 1 1 / I s1

(unchoked flow) (4)

"The vitiated-air heater combustion efficiency was calculated as a temperature-rise combustion

efficiency based on a measured air heater total pressure. That is, the heater combustion efficiency is

(TTi1). - TT•, .(5)
71T -t TTb, - TTref

8



where TT,, is the ideal total temperature calculated using the UTRC thermochemcial equilibrium

program for the measured air, hydrogen, and oxygen flowrates delivered to the heater and TT,,, is a

reference temperature reflecting the initial enthalpy levels of the reactants. (TT,)c is the

experimentally determined heater exit total temperature corrected for heat transfer through the heater

walls. The uncorrected value of this temperature is TT,,, , dedeced from the measured total pressure,

using the critical flow relationship expressed by Eq. (1). In Eq. (1), ATH is the supersonic nozzle throat

area, FT is the measured heater total pressure, and W is the total flow rate through the heater,
deduced from direct measurement of the heater reactant flow rates, i.e., air, hydrogen fuel, and
replenishment oxygen.

Since the air heater was water-cooled, the measured temperature rise of the coolant was used to

adjust the calculated heater exit total temperature, TT,,. The corrected average heater exit

temperature, (TT,)C, is thus defined as

Qp
(TT. )C = TT. + (6)

CPW

where Qp is the rate of transfer of heat from the product gas to the heater-duct walls, Cjp is the average

specific heat of the heater exhaust products at temperature, TT.. , and W is the heater gas flow rate.

The measured bulk heater-coolant temperature rise, AT, was used to calculate the heat transfer rate

to the coolant,

QC = cWcATe (7)

where cpc is the water-coolant specific heat and W, is the coolant flow rate. Under the assumption

that Qc = Qp, the corrected heater exit temperature and thus, the heater combustion efficiency were

calculated.

The measured coolant temperatures for the heater--to-nozzle transition, the supersonic nozzle,
and the test section entrance duct were recorded for each test. These data, in conjunction with the

coolant flowrates measured for these components, were used to calculate the heat transfer rates to the
coolant. Again, assuming that the heat transferred to the coolant was solely from the vitiated air, the
test section entrance total temperature was calculated using an equation of the form of Eq. (5).
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The test section fuel/air ratio (f/a,) is defined as

f/a= WF~f/ -W. + O,+ WHF

Similarly, the fuel-air equivalence ratio, act, is defined as

(f/a),c, 
(9)0•t=(f/a~sloich(9

where (f/a)act is determined from Eq. (5) ar.d (/a)stoich is the stoichiometric fuel/air ratio for the given
fuel, including the contribution of air heater fuel and make-up oxygen.

The Dual-Sonic Orifice (DSO) probe enables the calculation of stagnation temperatures at the
probe tip which are above the range of available thermocouples. The probe contains two orifices, one
of which is located at the probe tip, (see Fig. 5). By aspirating flow through the probe and choking the
twe orifices an eyr rsinn may hb. dirived frnm the -nrCtinuitV emlation vhi'ch relates the stagnation

_01 -,-*--.----P- -M_ me hvtayitotemperaturm at the probe tip to the measured stagnation temperature and i. ressure at the downstream
orifice and the- measured pressure at the tit) crifice. This expression, derived in Appendix C and shown
below, uses the nomenclature presented in Fig. 5. Note that the subscripts refer to the upstream and
downstream orifices within the probe and should nut be misinterpreted as relating to the different
probe stations in the test section.

"The form of tht; equation used fo6 total temperature determination i,

2
TT, = K 'r2  (10)

Calibration of the probe was accomplished by recording data with the probe in -i stream Gf known
stagnation temperature (TTj) znd using a rearranged form of Eq. (8) te define z value of the probe

coefficient,

_ (2

(K zCAL P'?CAL
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As stated above, a complete derivation of equations used when i educing the DSO probe data is
presented in Appendix C, extiracted from Ref. 28. The design of the particular DSO probes used during
the current program (as shown in Fig. 5) provided for minimizing the effects of thermal expansion of
the probe tip orifie by locating the tip cooling water passages within approximately 0.020 in. of the
throat and also included an internal ste on jacket around the main probe gas passage to ensure that
gaseous flow conditions prevailed between the two orifices.

A dual Stokes approach was used to acquire CARS data for both the mixing and combustion

experiments. Gas static temperature and gaseous species concentration data were extracted from the
spectral shapes of the nitrogen and water vapor signatures captured on an optical multichannel
detector. Hydrogen concentration was obtained from the spectrally integrated signal acquired on a
photomultiplier tube appropriately normalized by a reference-cell hydrogen signal generated in the
receiver. Details of the CARS apparatus, data acquisition strategy, and data analysis are included in
Appendix B.

EXPERIMENTAL RESULTS

All of the measured profiles of total temperature and pitot pressure, and profiles of static
tem.?erature and nitrogen, hydrogen, and water vapor concentrations from the tests indicated in Table
I are p. esented in Appendix D. These plotted data are provided in Sections 1 through 6, respen tive•vl rf

that aýoendix. The measured axial, centerline wall static pressure data acquired from the tests are
contained in Section 7 of Appendix D.

In the preseiit section, results from some of the experiments will be discussed.

Free Shear-Layer Tests-Videotape records of features of the test section flowfield were made
through one of the accessible windows for several of the mixing and combustion experiments
performed. Direct exposures provided observations of the combustion processes. Schlieren and
shadowgraph techniques were also employed in attempts to acquire informatin regparding th'. fflowx

structure developed during the injection of hydrogen into the airstream. Owing to the high
temperatures imposed on the windows by the airflow, severe disiortion of the glass was often
encountered, particularly at the higher temperatures used to induce combustion. It was determined
that the optical sensitivity associated with the use of a knife edge to yield schlieren imageswas too great
and that the thcrmaliy induced distortion of the window resulted in u~cless exposures. Withdrawal of
the knife edge, thereby reducing the sensitivity of the optical system to distortion, made the acquisition

of acceptable images possible during tests in which the total temperature was un the order of 2000 R.
Snadowgraph images reproduced frc-,n the videotape recording of the injection region, obtained
during reacting hydrogen injection tests, are shown in Figs 15 and 16. During these two exposures, the
fuel-air equivalence ratios were 1.00 and 0.52, respectively. The total temperature of the vitiated air
during both of these tests was approximately 1800 R. The flow was from left to right and the (thermal)
boundary layer thickness on the wall apprgaching the 0.08--inch thick water-cooled splitter plate was
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approximately 0.5 inch. (The thickness of the splitter plate was dictated by the need to water-cool this
component.) The injectant Mach number during these tests was one. At an equivalence ratio of 0.5, the
injectant exit static pressure is approximately 6.2 psia while the local wall static pressure is
approximately 5 psia. Inasmuch as the equivalence ratios exceeded 0.5 in both of these
low-temperature experiments, the flow was slightly underexpanded in each case. Note that the shear
layer deflected slightly more toward the upper wall in the lowe? equivalence ratio case, Fig. 16. A shock
wave and its reflection can be seen in the hydrogen injectant flowlield in both cases. It is postulated
that an expansion fan, not seen in the photographs, propagates into the hydrogen flow from the splitter
trailing edge. The shock wave seen in the figures propagating into tile hydrogen is generated as a
consequence of the recompression occurring at the downstream end of the recirculation zone formed
in the wake of the splitter plate. In both exposures the splitter lip shock can be observed propagating
into the freestrearn airflow. The angular streaks seen in both photographs are deposits of foreign
material on the interior surface of the windows, remaining subsequent to the evaporation of
condensate produced following a previous test. Attempts to acquire similar shadowgraph information
during combustion tests conducted at the higher vitiated-air total temperature were less successful.
Owing to the higher air static temperature, window heating was more severe, resulting in substantial
distortion of the windows with consequent image degradation, a circumstance that does not impact
CARS data characteristics.

Pitot Pressure Profiles-Pitot pressure profiles measured at the two stations during hydrogen
combustion at an equivalence ratio of 1 are presented in Fig. 17. Similar data, acquired at an
equivalence ratio of 0.5, are displayed in Fig. 18. Equivalent results for non-reacting mixing tests are
presented in Figs. 19 and 20. The normalizing parametei, Pt0 is the measured heater exit total pressure,
PTO in Table 1. The use of this parameter tends to reduce the variations in the data induced by
run-to-run variations in heater conditions. The calculated value of the pitot pressure ratio for the
supersonic nozzle exit conditions corresponding to these tests is approximately 0.33, in good
agreement with the data acquired at a distance, Y of 1.5 inches frouil the lower surface of the test
section in Figs. 17 and 18. "Ihe calculated pitot pressure ratios for the sonic hydrogen flow in these tests
are approximately 0.12 and 0.06 for equivalence ratios of 1 and 0.5, respectively. The pressure ratios
measured with the probe near the upper wall, i.e. within the hydrogen layer appear to correspond to
these calculated values. Based on the vertical distance above the lower wall at Station 3 at which a
sudden pitot pressure decrease is noted, the edge of the hydrogen mixing region is approximately 2.7
inches above the lower wall or approximately 1 inch below the upper wall tor the combustion tests,
according to the results shown in Figs. 17 and 18. The c ;rresponding distances for the non-reacting
tests, fox which the data are shown in Figs. 19 and 20, are 2.4 and 1.3 inches.

Dhtal Temperature Profiles-Representative total temperature profiles measured during the tests
described above Pre presented in Figures 21 and 22 for the combustion tests and in Figs. 23 and 24 for
the non--reacting tests. As the DSO probe was traversed from the lower wall (Y = 0) upward through
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the mainstream airflow, the total temperature distribution was similar to the distribution measured at
the test section entrance shown in Fig. 8. On entering the region of influence of the shear layer, as the
probe approached a height, Y of approximately 3 inches above the test section floor, the total
temperature continued to decrease and then rapidiy rose and fell as the probe traversed the burning

region and continued into the cooler, fuel-rich non-burning zone. Based on the height above the test
section lower wall at which the total temperature begins to rise above the vitiated-airflow level, the

burning edge of the mixing region at Station 3 is approximately 2.8 inches above the lower surface or

approximately 0.94 inch below the upper wall, for both equivalence ratios.

Total temperature profiles measured at Stations 2 and 3 during non-reacting tests are exhibited
in Figures 23 and 24 for equivalence ratios of 1 and 0.5. respectively. The calculated test section

entrance total temperatures were approximately 1800 R for these experiments, yielding a test section
entrance air static temperature less than 800 R, well below the accepted autoignition temperature of
approximately 1800 R (at a pressure of one atmosphere). Thus, since no reaction appears to occur, the
total temperature profiles do not show the temperature rise evident in the higher-temperature

experiments. The gradient across the shear layer is essentially uniform, since the temperature
variation is produced primarily by the mixing of the hot (vitiated air) and cold (hydrogen) streams.

Nitrogen Concentration Profiles-Static temperatures discussed in the next section were derived
rO, r'nitrogen spectra I, a f-Unai with ihe procedure discussed in Appendix B. The

number of data points comprising the profiles exhibited was related primarily to the test duration. At
least six data points were generally acquired although during later tests, up to twelve points were

obtained. The nitrogen mole fractions were obtained from a spectral fitting process that provided the

most accurate concentration measurements at low concentration levels, e.g., less than ten percent.
Thus, the data acquired within the non-reacting hydrogen layer exhibit the greatest accuracy. The
nitrogen concentration measured nearest the upper test section wall, i.e., where the hydrogen
concentration is a relative maximum, is therefore reported without adjustment as derived from the
sner__tr firtingprno, '.The nitrogen cncclnations measuyed in iii vitiated airflow were equated to

the values calculated using the UTRC Thermochemical Equilibrium program, For each test, a
linearized calibration factor was applied to each measured value acquired between the extremes of the

vertical traverse.

Representative profiles of nitrogen mole fractions are presented in Figure 25 for tests in which

the test section entrance total temperature was approximately 3700 R. Hydrogen was injected into the
test section at flow rate corresponding to an equivalence ratio of approximately unity. The data

acquired at Measuring Stations 2 and 3 are compared iu this figure.

Static Temperature Profiles-Static temperature data consist of averaged temperatures based on

approximately 120 laser shots per measurement location. The points in the flowfield that yield the least

accurate results occur where the nitrogen concentration is a relative minimum, i.e., embedded in the
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hydrogen mixing layer. Fluctuations in the static temperature data are attributable to the occurrence

of two phenomena. The weak nitrogen nitrogen signals encountered at points within the hydrogen
mixing layer lead to the development of low signal-to--noise ratios. In addition, actual temperature

fluctuations that mark the turbilent character of the mixing process between the elevated-tempera-

ture vitiated air and the room-temperature hydrogen increase the standard dezviation.

Static temperature profiles derived from CARS measurements are displayed in Figs. 26 and 27.
In Fig. 26, a comparison is made between profiles acquired at Measuring Stations 2 and 3. Using the

Thermochemical Equilibrium program, the calculated nozzle exit vitiatedair static temperature is

approximately 1820 R. The test section entrance total temperature, calculated according to the method

discussed in the "Data Reduction Procedures", and Mach number calculated using a cycle analysis
were used to yield a static temperature of 1847 R. The static temperature of the vitiated-airstream

according to the CARS measurements shown in Fig. 26 is on the order of 1600 R. Since the data in Fig.

26 were acquired downstream from the test section entrance and do not account for heat transferred
beyond that location, the measured values do not appear to be inconsistent with the calculated
vitiated-air temperatures. The high temperatures (greater than 900 R) in the hydrogen mixin8, layei
can be attributed to the poor accuracy that characterizes this measurement technique in regions of low

nitrogen concentration.

The static temperatures near the upper wall indicated by the data in Fig. 27 are nearer the levels
one might anticipate to occur within the hydrogen layer. Since the room-temperature hydrogen is
introduced at sonic velocity, the theoretical static temperature is 433 R which compares favorably with

the lowest temperatures indicated in Fig. 27. Furthermore, the static temperatures indicated to occur
at a distance of approximately 2.5 inches from the lower wall in Fig. 27 closely approximate a static

temperature of 700 R that was estimated for this airflow, corresponding to the total temperature of

approximately 1900 R calculated for these tests.

Hydrogen Concentration Profiles-Hydrogen concentrations were derived from the spectrally
integrated intensity of the hydrogen CARS signal. Accuracy using this approach is independent of

concentration. The mole fractions however, were determined using the calculated static temperature

at each point. Calibration was accomplished by adopting a functional relationship between signal

intensity and hydrogen density (see Appendix B). The slope of the relationship was anchored by the

concentrations in (1) the vitiated-airstream, assuming that no hydrogen existed there, and (2) the point

nearest the upper test section wall, within the region of maximum hydrogen concentration.

Profiles of hydrogen mole fractions are- presented in Figs. 28 and 29. In Fig. 28, the measured

hydrogen concentrations at Measuring Stations 2 and 3 are compared for an equivalence ratio of one.

The test section entrance total temperature was approximately 3700 R. As one might anticipate, owing

to combustion, the hydrogen mole fraction measured at the downstream location (Run 55) is

somewhat less than that measured at the upstream site (Run 64). The difference may have been greater
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if the injected hydrogen flowrates were identical, i.e., the hydrogen flowrates for Runs 55 and 64 were
0.17 and 0.15 lb./sec., respectively, corresponding to a 16 percent difference in equivalence ratio. A
comparison is made in Fig. 29 of the hydrogen concentrations measured at Station 2 as a function of
equivalence ratio variation. The test section entrance total temperature for these tests was
approximately 1750 R. The data imply that the greater equivalence ratio (E.R. = 0.98) resulted in
greater penetration of the hydrogen than that developed by the lower equivalence ratio, e.g. 2.4 inches

from the lower wall for E.R. = 0.98 versus 2.6 inches for an equivalence ratio of 0.53.

Water Vapor Concentration Profiles-Water vapor mole fractions were determined using a
method similar to that used for nitrogen determination. Owing to the relatively less-developed state of
this capability, concentration values of water vapor are somewhat iess accurate than those of the other
two species. As is the case with nitrogen concentration, values of water vapor concentration are most
accurate at low levels. This determination is also highly dependent on the accuracy of the static
iemperature measurement.

Representative profiles of water vapor mole fractions are presented in Figs. 30 and 31 for
combustion tests in which the test section entrance total temperature was approximately 3750 R. The
data displayed in Fig. 30 were acqtired at Measuring Station 2 for equivalence rartios of 0.54 (Run 81)
and 1. 13 (Run 84). The data suggest that the mayirnM1m levels gf , ter va...r p-ruU"d th. e w S - t- I

equal but the higher equivalence ratio results in the maximum level occurring at a greater distance
from the upper test section wall. Thne data presented in Fig. 31, acquired for an equivalence ratio of
1.13, compare water vapor mole fractions measured at Stations 2 (Run 84) and 3 (Run 92). Owing to the
greezer distance from the injection site of Station 3, a greater quantity of water vapor is present at that
it.ation. Using the UTRC Thennochemical Equilibrium program, the vitiated-air water vapor mole
tractvin for the test condition used in these tests is approximately 0.27, corresponding to the levels
(etecte(ý at a distance of approximately 2.3 inches from the lower surface of the test section in both

y, .

Pressure Gradient Tests-The experimental results to be discussed in this section were acquired
du;ing mrxing and combustion tests performed with a six-degree compression ramp installed on the

loweic w•, l of the test section. The ramp was situated so as to generate a shock wave that would intersect
tl-c shear-layer mixing region in the vicinity of the second window (Measuring Station 2) during
supersceic flow through the test section. The shock wave thus altered the vitiated-air flowfield and, it
wa-; 'hlievcd, would measurably alter the mixing and combustion processes.

Pitot Pressure Profiles-Reprcsentative pitot pressure profiles measured during nonreacting and
combustion tests are displayed in Figs. 32 and 33, respectively for hydrogen injection at an equivalence
ratio of approximately 1. In these tests, the probe data traverse was initiated from a height of
approximately 1.5 inches above the lower test section surface so as to increase the number of data
points acquired during the traverse through The mixing layer. As noted in the free shear-layer test
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4s-. ,ription, the pitot pressure ratio near the upper wall, i.e. within the hydrogen fuel layer is
approximately 0.1 for an equivalence ratio of one during combustion tests. Owing to the slightly greater
airflow associated with the conduct of the non-reacting mixing tests, the higher hydrogen flowrate
results in a fuel pitot pressure ratio of 0.15, comparable to the values measured in Fig. 32. The high
pitot pressure ratios measured at Station 2 correspond to the region downstream from the intersection
of the two shock waves induced by the interactions of the test section entrance airflow with the fuel
layer along the upper wall and the six-degree ramp on the lower wall. The difference between the levels
measured at Station 2 in Figs. 32 and 33, representing the influence on the pitot pressure of the

combustion process, corresponds to a reduction of approximately 12 percent in the peak level. This
compares with a similar reduction experienced without the compression ramp of approximately 11
percent, as indicated by the data in Figs. 17 and 19. The general increase in pitot pressure level appears

to correspond to the changes in the upper surface static pressures. As a consequence of the induced

compression, the upper wall static pressure in the vicinity of the DSO probe is increased
approximiately 60 percent during non-reacting tests and approximately 70 percent during combustion
at an equivalence ratio of one. In both Figs. 32 and 33, the height above the lower test section wall at
which the pitot pressure undergoes a rapid decrease at Station 2 is approximately 2.5 inches, roughly
indicating the location of the outer boundary of the hydrogen layer. The abrupt decrease in pitot
pressure at Station 2, approximately 1.8 inches from the lower duct surface, appears to correspond to
zhe location of the expansion wav- that propagates from the base of the compression ramp. This

characteristic appears in all of the pitot pressure profiles recorded at Meas'ring Station 2 during the
.ho :k-interaction experiments.

Total Temperature Profiles-Ibtal temperature profiles raeasured during the tests described
above are presented in Figs. 34 and 35 for the non-reacting and combustion tests, respectively at a
nominal equivalence ratio of 1. Close to the upper wall, the measured total temperature of the gas
approaches the room temperature level at which the hydrogen was introduced (520 R). In the
non-reacting results shown in Fig. 34, the measured total temperature begins to decrease markedly
during the probe traverse at a distance of approximately 2.5 inches from the lower wall. At a distance of
3 insbes from the lower wall, the total temperature measured at the downstream location is slightly
greater than that at the upstream location, Station 2, indicating that more of the vitiated air has mixed
with the hydrogen at this location. Figure 35 comprises similar data acquired in the presence of

c)mbWistion. In the total temperature profile presented in Fig.35, a local temperature rise occurs at a
distance of approximately 2.75 inches above the lover test section wall, or 0.81 inch below the upper
wall. The measured temperature rise is not substantial although vigorous combustion was visually

observed to occur during the performance of the experiment. A total temperature depression occurs at
a distance of approximately 2 inches from the lower test section wall in each of the profiles acquired at
Measuring Station 2.
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During the performance of these tests, a small quantity of water was seen to accumulate on the
lower test section wall immediately down-stream from the base of the six-degree ramp. The

accumulation comprised condensation of the water in the vitiated-air. Direct observation through the
window at Measuring Station 2 during airflow through the test section revealed that some quantity of

the condensate was being entrained in the recirculation zone formed by the flow over the ramp base. It
is likely that some of this water contributed to the cooling of the air flowing along the lower duct wall

and may be responsible for the sudden decrease in air total temperature indicated in the profiles
measured at Station 3. Abrupt decreases of this type were not evident in the total temperature profiles
recorded during the free shear layer tests.

Static Temperature Profdles-The static temperature profiles in Fig. 36 correspond to the pitot

pressure and total temperature profiles presented in Figs. 33 and 35. The CARS data were acquired
simultaneously with the probe data at Measuring Station 2. Good agreement exists between the static
temperature and total temperature profiles for Runs 121 and 126. The static temperature discrepancy
between the two sets of data at the points measured in the vitiated airstreanm is unexplained at this
time. The calculated vitiated-air static termperature for this experiment is between 1850 and 1930 R.

This range reflects the differences batween the measured upper and lower test section entrance wall
static pressures, which yield a Mach number difference between the upper and lower surtaces. Similar

profiles for an equivalence ratio of 0 5• mre-sured at S1n and 3 are display- d iii Fig.37. in the
profile measured at Station 3 (Run 127), the static temperature rise occurring as a consequence of
combustion is approximately 300 R.

Hydrogen Profiles-The hydrogen profile data presented in Fig. 38 correspond to the pitot

pressure and total temperature data presented in Figs. 32 and 34 for an equivalence ratio of 1. In these
non-reacting tests, the data acquired at Station 2 (Rvn 112) show the boundary of the hydrogen layer
occurring at a distance of approximately 2.7 inches from the lower surface of the test section. This
corresponds closely to the hydrogen layer boundary defined by the pitot pressure and total
temperature profiles in the previous figures. As explained earlier, the hydrogen mole fraction
calculation relies on the use of the measured static temperature. Since the static temperatures deduced

to occur at Station 3 were significantly lower, than those measured at Station 2, the calculated

hydrogen mole fractions are also lower.

Water Vapor Profiles--.Representative water vapor profiles are shown in Fig. 39 for combustion
tests in which the equivalence ratio was 0.5. The data were obtained at Measuring Stations 2 (Run 122)

and 3 (Run 127). The vitiated-air water vapor mole fraction calculated for this test condition is 0.27.
The level in ticated by the profile data at Station 2 and approximately 2.7 inches from the lower wall
corresponds to the increase due to hydrogen combustion.
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DISCUSSION OF EXPERIMENTAL RESULTS

FLOWFIEL:) STRUCTURE

Numerical Cs•imates of the test section flowfield characteristics were made for comparison with

the measured data. Tl-ese estimates were made using a simple one-dimensional wave analysis. The

essential features of the flowfield associated with the free shear-layer experiments are shown in Fig. 40.
The wave intersections and the static pressure ratios correspond closely with the results measured

during the non-reacting tests. A similar estimate of tlIe flowfield features characterizing the
pressure-gradient experiments is depicted schematically in Fig. 41, which also yields pressure levels
that correspond approximately vith the wall static and pitot pressure levels ineasured during the
non-reacting experiments. To develop this configuration, sn,;e the data show that the injected
hydrogen is underexpanded, a three-degree compression of the vitiated-air flowfield was assumed to

occur. An alternative flowfield configuration for the region in the vicinity of the fuel injection site is
shown in Fig. 42. The underexpanded injectant flow leads to an injection pressure ratio with respect to
the test section entrance wall static pressure of approximately : 5 during non-reacting tests and
approximately 1.5 during combustion tests. These ratios are halved during injection at an equivalence
ratio of 0.5. In Fig. 42, the hydrogen is permitted to expand about the trailing edge of the 0.08-inch thick
splitter. If the length of the recirculation region formed behind the splitter is assumed to be three times
the splitter thickness, then the hydrogen flow may expand to an area ratio of approximately 1.14,

leading to a flow Mach number of 1.44. The impact of these assumed flow characteristics on the mixing
process will be discussed in the next section. Once this expansion has occurred, a compression of the
hydrogen flow takes place in the manner observed in the shadowgraph photograph displayed as Fig.
43. Simultaneously, a compression of the expanded vitiated-air flew occurs as depicted in Fig. 42.

SHEAR- AND MIXING-LAYER GROWITH

Characteristics of the shear layer were estimated using the semi-emprical analyses based on the
investigations by Papamoschou, Roshko, Dimotakis, et al (Refs. 29-32). Basic features of the mixing

layer are depicted in Fig. 44 in which I corresponds to the height of the hydrogen-air interface from
the duct wall and b represents the width of the shear layer. The growth of the shear layer is defined as

db/dx and, as described in the above references, is related to a convective Mach number that is defined

in terms of the velocities and densities of the two fluids undergoing mixing. In each case, the stream
with the greater velocity is defined as the primary stream (subscript 1) while the lower-velocity stream
is the secondary stream (subscript 2). A summary of the calculated mixing parameters is presented in
Table 3 for the non-reacting and combustion test conditions. Note that the convective Mach numbers,

Mc, = 0.027 to 0.38, are low enough that compressibility effects are not dominant.

Shear-Layer Growth Rate-7The shear-layer growth rate, db/dx was estimated for each of the
test conditions as functions of the equivalence ratio, shown in Fig. 45. Note that since the vitiated-air
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velocity (3705 ft/sec.) at the low temperature is not substantially different from the hydrogen injection
velocity (3867 ft/sec.), the shear-layer growth is not great, i.e., db/dx = 0.005. In marked contrast, the
calculated shear-layer growth for the high-temperature vitiated-air flow is approximately 10 times as
great. Note that the growth rate may be expected to vary little as the equivalence ratio is varied.

The effect on the shear-layer growth of varying the test section entrance total temperature was
assessed and the results of these calculations are shown in Fig. 46. Over a modest range of
temperatures, e.g., 100 degR, the variation in growth rate is not more than approximately 10 percent.
Thus, test-to-test variations in total temperature are not expected to play a significant role in varying
measured grox th rates.

The experimental determination of shear-layer growth rate was made using the measured
pitot-pressure data. The method described by Papamoschou (Ref. 32) to define the pitot thickness is

depicted schematically in Fig. 47 (a). Owing to the inability to acquire pitot pressure data extremely
close to the test section upper surface, it was necessary to extrapolate the acquired data to apply the
above criterion. The extrapolation led to the calculation of growth rates that were significantly greater
than those estimated for the high total temperature and that varied widely from test-to-test for
virtually identical test conditions, a circumstance likely induced by the extrapolation procedure. A

modified definition was used in which the lower end of the pitot pressure, corresponding to the inner
ed.ge of the pit.t.o thic;1k-ness, was defined by the set-point value of the injection pitot pressure, as
depicted schematically in Fig. 47(b). An example of an actual pitot thickness measurement for a

current test is shown in Fig. 48.

The experimental shear-layer growth rates determined using these procedures from the
pitot-pressure profiles are presented in Table 4. Data at each measuring station and for each test
section entrance total temperature are provided. Note that, in general, the growth rate is essentially
invariant with equivalence ratio changes, as predicted. The high-temperature levels measured at
Station 3 exceed the low temperature growth rates, although clearly not to the exten, nredirted hv tho

calculated results presented in Fig. 45. In fact, the growth rates deduced using the pitot thickness
measurernents, for the nonreacting tests, are not markedly different from the growth rates deduced
from the combustion test data, at either Measuring Station.

Shear-layer growth rate was calculated as a function of (injection) jet Mach number for the two
test couditions. The results are presented in Fig. 49. Owing to the "primary stream" definition
discussed previously, one may expect to see an inverse relationship between jet Mach number and
growth rate for the elevated-temperature test condition and a direct relationship for the non-reacting
situation. In the light of the previous discussion regarding the jet-to-airstream pressure ratios for the
two test conditions, it seems likely that the high growth rates for the low-temperature cases are a
consequence of the jet underexpansion associated with these tests. If the jet is permitted to expand,
while bounded by the duct wall and the splitter trailing edge recirculation zone, to an area ratio that is
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approximately 14 percent greater than the exit of the fuel injection slot, the jet flow will accelerate to a
Mach number of approximately 1.4, as depicted in Fig. 42, discussed earlier. Based on this Mach

number, a shear layer growth rate db/dx = 0.053 corresponding approximately to the level measured
at Station 3 during the non-reacting free-shear layer tests would be anticipated. Indeed, examination
of the wall static pressure data for these tests suggests that expansion to a Mach number approaching 2

occurs during the non-reacting tests at an equivalence ratio of 1. During tests in which combustion
occurred, the injection Mach number attained is approximately 1.2 on the basis of wall static pressure
data.

The shear-layer growth rates determined to exist at Measuring Station 2 are 20 to 50 percent
greater than those measured at Station 3. In a recent publication (Ref. 34), Dimotakis cites suggestions
by P. Bradshaw that several hundred momentum thicknesses are required for the shear layer to assume

its observed asymptotic behavior. The CFD calculations performed during the current effort provided
an estimate of the momentum thickness of 0.12 in. for the test section entrance airflow. Thus,

according to this reasoning, Station 2, situated at approximately 50 momentum thicknesses is not far
enough downstream from the splitter plate to attain the predicted linear growth rate. Station 3, on the

other hand, situated at approximate 100 momentum thicknesses appears to be sufficiently distant
from the injection site to attain asymptotic behavior.

The effect of the single-shock interaction with the mixing layer, produced in the

pressure-gradient tests, appears to reduce the growth rates approximately 12 percent at Measuring

Station 2, as evidenced by the data in 1Table 4. The shear-layer growth rates measured during the
high-temperature mixing tests at Station 3 appear to remain unchanged under the influence of the
shock interaction. During the nonreacting experiments, however, the growth rates decrease by
approximately one-third at Station 3 as a consequence of the shock interaction with the mixing layer.

Mixine Laver Growth Rates--The depth of the. mixing layer was definedas the rgin-n ,etwee.

the upper wall of the test section and the lower edge of the shear layer in the current experiment. The

depth, t was determined by measuring the vertical distance between the wall and the outer edge of the

shear layer. The mixing region outer edge was, in turn, defined in each of several ways, depending on
which of the measured parameters was used for the determinatien. For the pitot pressure, the lower
edge of the pitot thickness, defined previously in Fig. 47 as the point in the profile equal to 95 percent of
the local freestream pitot pressure, was used. To use the total temperature profile, the point in the total
temperature profile where the temperature began to rise as a consequence of combustion, e.g. as in

Fig. 50(a), or the "95- percent point" relative to the local maximum value as in Fig. 50(b) were selected.
To base the mixing layer thickness on the hydrogen measurement, the point at which hydrogen was first

detected by the CARS measurement, as in Fig.51, was used. The relative-maximum static temperature

as shown in Fig. 52 and the location at which a water vapor level exceeding the freestream level was
detected by the CARS apparatus, during combustion tests, as depicted in Fig. 53 were also used to
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define the mixing layer thickness. The mixing-layer growth rate, dt/dx was defined as the quotient Gf

the mixing layer thickness, I and the distance, x from the fuel injection location.

A summary of the data derived, using these definitions for the mixing-layer growth rate, is
provided in Table 5. It is interesting to note that the mixing-layer growth rate measured at Station 2,
based on pitot pressure measurements is essentially constant for all of the test conditions examined.

The following observations regarding the behavior of the shearand mixing-layers during
non-reacting mixing experiments are made on the basis of the pitot pressure data presented in Tables 4
and 5:

* For the limited data acquired, when the hydrogen and vitiated-air velocities were
nearly equal (the low-temperature case), the shear-layer thickness at both x/O -
50 and 100 diminished subsequent to the shock wave interaction with the mixing
layer. The decrease in the shear-layer growth rate was approximately 35 percent
at the downstream location and approximately 20 percent at x/e = 50, relative to
the rates measured without the shock interaction.

* The mixing layer growth rate decreased approximately half the above amount,
viz., 18 percent at x/4 = 100 but did not vary measurably at the closer distance
from the injection location.

* The distance between the upper surface of the test section and the inner edge of
the shear layer, i.e., that edge nearest the upper surface, did not change at x/6
100 as the shock wave intersected the mixing layer. At x/O = 50, however, the
inner edge of the shear layer was displaced away from the upper surface 1.2
times its "no-shock" distance.

Observations regarding the behavior of the shear- and mixing-layers based on the results in
Tables 4 and 5, made during the performance of the elevated-temperature combustion experiments
comprise the following:

" At the axial location, x/6 = 100, the shear-layer growth rate measured during the
interaction of the shock wave with the mixing layer was equal to the "no-shock"
growth rate. At the lesser distance, x/O = 50, the shock interaction caused a
shear-layer growth rate decrease of approximately 15 percent relative to the free
shear-layer growth.

"* The depth of the mixing layer increased at both axial locations, exhibiting an in-
crease of 35 percent at x/O = 100, but only approximately 6 percent at x/9 = 50
as a consequence of the shock interaction.

"* The distance between the upper surface and the inner (low-speed) shear-layer
edge increased due to the shock interaction. At x/I = 100, the increase was sub-
stantial, viz., 80 percent, while at x/0 = 50, the increase was approximately 35
percent.
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The apparent reversal in the shear-layer and mixing-layer growth rates relative to the
"no-shock" condition occurring as a consequence of the shock interaction with the mixing layer may
be attributed to the reversal in roles of the vitiated-air and hydrogen flows as primary and secondary
flows. During the non-reacting tests, the hydrogen flow had the higher velocity. On the other hand, the
vitiated air flow velocity was greater than the hydrogen flow velocity during the combustion tests.

Thus, the shear-layer growth rates measured during the high-temperature experiments agree
closely with the calculations performed assuming sonic injection. On the other hand, an injection
Mach number approaching approximately 1.5 must be assumed to correlate the non-reacting
shear-layer growth rates with the predicted rates for the free-shear layer experiments.

The total temperature, hydrogen and water vapor concentration, and static temperature profiles
were all examined as described above to yield mixing-layer growth estimates. Compared with the
mixing-layer growth rate deduced from pitot pressure measurements, the growth rate derived from
total temperature profiles was roughly equivalent only for the non-reacting experiments.

MIXING EFFICIENCY

An estimate was made of the degree of mixing that could be anticipated to occur between the
hydrogen and the air in the current experiment. The estimate was based on a modification of an
equation developed by Anderson and Rogers(Ref. 33), for multiple-orifice injection. The expression,
modified to include the effect on mixing of injection of hydrogen at various angles with respect to the
airflow, is

77m = (sina){1.01 + 0.1 76 1n( 4,0--h +

(1-sina) xe(1.72(1-0)) 
(12)

where h is one-half the height of the combustion test apparatus, a is the injection angle, and complete
mixing is assumed to occur in a combustor length that is 40 times the height of the combustor. The

estimated mixing efficiency for the current test apparatus as a function of equivalence ratio, 0 is

shown in Fig. 49. Since the length-to--height ratio of the current combustion test apparatus is only 5.48,
limited levels of mixing and combustion were expected to occur during the current experiments.
Indeed, on the basis of the experimental data acquired, this appeared to be the case.
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CYCLE ANALYSIS

Cycle analyses of the current test apparatus were performed using the UTRC RASCAL cycle

analysis code written by R. P C. Lehrach of UTRC. The analyses comprised determinations of the
pressure and temperature increases and Mach number decreases that would accompany combustion

of the hydrogen in the test section. The duct geometry used for the calculations is depicted in the
schematic diagram in Fig. 55. The analysis results, presented in Fig. 56, represent two cases of interest
to the experimental effort. In Fig. 56(a), the results of burning of various fractions of the quantity of
room-temperature hydrogen introduced at an equivalence ratio of one are presented. In Fig. 56(b),
similar results are presented for injection at an equivalence ratio of 0.5.

The experimental pressure rises measured during the elevated-temperature free shear-layer
tests when hydrogen was introduced at an equivalence ratio of one were approximately 1.5 to 1.8 times
the test section entrance wall static pressure. According to Fig. 56(a), combustion of no more than 30
percent of the injected hydrogen could have occurred under these circumstances. These low levels of

combustion are consistent with the predictions of mixing efficiency presented earlier. This level of

combustion would induce an average total temperature rise of approximately 6 percent to occur
relative to the test section total temperature. Locally one could expect to mea'.ure greater temperature

rises. Examination of the DSO probe temperature profiles indicates that local total temperature

ii1,.feases Ole from 250 to 500 degrees were measured, equivalent to 6 to 12 percent of the test section
entiance total temperature. It is possible that the probe provided some catalysis of the combustion.
Alternatively, the difference observed between the measured and predicted levels falls within the limits

of accuracy of the DSO probe measurement.

'The points above the lower wall of the test section at which the measured total temperature began
to rise during combustion tests coincided with the points at which the measured water vapor

concentration began to exceed the freestrearn level. At this location also, in several of the experiments,
the static temperature detected by the CARS technique showed an innrrpcp r~l&tis t'• t"e fr-estr-am.
and mixing-layer levels.
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TASK 2: EVALUATION OF CFD METHODS

The data acquired during the experimental program in this investigation were used to evaluate
existing computaticnal fluid dynamics (CFD) analyses for supersonic combustor flowl'elds. Th--
results of this evaluation are described in the present section. The discussion begins with a brief review
of the computer codes available. A description then follows of the experimental coaditions used to
construct evaluatien cases, the types of data available from the experiments, and the assumptions used
in the analyses of the data. Subsequently, comparisons are presented between computed and
measured flow results.

COMPUTER CODES

The approach to conducting this research was to utilize supersonic combustor flowfield analyses
already beiag developed and considered for application in other programs The present effort did not
include a code development task; rather, the emphasis was on selecting and evaluating existing codes
for the analysis of mixing-dominated flows with and withcut combustion.

The experimental test section to be modelled with the codes was designed to provide essentially
two-dimensional flow except, of course, in the vicinity of the sidewalls. Fuel was injected through a slot
and parallel to the principal flow direction; flow recirculation was expected to be confined to the region
immediately downstream of the splitter plate separating the fuel and air streams. The available static
pressure data and schlieren photographis indicate that both conditions were satisfied.

The design of this research combustor had two important consequences with respect to the
selection of CFD codes for evaluation. First, it was possible to use two-dimensional (2D) flow
analyses, which at the time of this study were developed to a greater extent than three-dimensional
(3D) flow codes; also, 2D codes are considerably more economical to operate than 3D codes. Second,
except as noted above, the flow is essentially axial so that "parabolized" Navier.-Stokes (PNS) methods

__ _- V -2_ A ,'r- .... -_-_ ._ ... . r-t -- __ - . . . . -I I r. . .- . I
c.ar, UV- u-;U. LWUJ a- iid two ril Ld.u.)s weic lunsiUereud16- use in tils program.

However, it was found that neither of the )NS codes was capable of analyzing -Ae present flow field, as
noted in the following discussion.

In the PNS approximation, diffusion in the axial flow direction is assumed to be negligible when
compared to diffusion in the other two directions; also, diffusion in the axial direction is assumed to be
negligible relative to convectien in that direction. As a result of the PNS approximation, teri.,s in the
governing equations involving second derivatives in the axial direction ara omitted. In addition, the
flow is assumed to be steady. Consequently, PNS coies are potentially more economical to use than
are Navier-Stokes codes since the solution obtained with a PNS code can be marched in the axial
direction.

A suitable computer code for the flow fieIds of interest in the present program must solve the
governing equations for compressible, reacting, turbulent flow in at least two space dimeasions.
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Several codes were identified as potentially suitable in the evaluation. The codes differ in the method

of solution of the governing equations, hydrogen-air chemical reaction rate models, and turbulence

models. The codes considered in various phases of this study were SPARK, NASTAR, SCORCH and

ESCAPE. Various workers have applied these codes to a variety of flows and compared predicted

results to the available data. A brief description of these codes follows.

The majority of calculations for this program were made using the UT-SPARK code, the UTRC

version of the two-dimensional SPARK code developed by J. P. Drummond and co-workers at

NASA-Langley Research Center (Refs. 35 and 36). Solutions of the time-dependent form of the

Navier-Srokes equations are obtained using the explicit, time-marching, finite-difference method due

to MacCormack (Ref. 37). The original code used the algebraic turbulence model of Baldwin and

Lomax (Ref. 38). At UTRC, the k-epsilon, two-equation turbulence model (Ref. 39) has been added to

the code. Hydrogen-air chemical reaction rates are modeled using either a 1- step global or an 18-step
reaction mechanism. As noted in the discussion of results, additional chemical kinetics models have

been added at UTRC (as part Jf the NASP effort).

A second Navier-Stokes code was also available for this study. Using its own funding, Pratt and

Whifncy has developed the NASTAR code (Refs. 40 and 41) which solves the time-independent folrn

of the Navier-Stokes equations using a control volume, implicit, method for flows with arbitrary Mach

rnumber in general curvilinear geometries. Both the B3aldwin-Lomax and k-epsilon turbulence models

are available in the code. Kinetics models include the one-step model used in SPARK, a two-step

model (Ref. 42) and an eight-step model used in the SCORCH code (see below).

Since initial calculations obtained for the same case using both SPARK and NASTAR showed

that the results obtained were similar and since SPARK is ;vailable to Government contractors from
NASA-Langley (whereas NASTAR is a proprietary code), it was decided to use only he SPARK code

as Ihe Navier-Stokes solver for the present program.

-•e parabolized Namqer-.Stokes codes were also considered for use during the program. Under a

series of Government-sponsored efforts to develop computer codes for analyzing the flow within

various scramjet engine components, Science Applications International Corporation (SAIC)

developed the SCORCH code (Ref. 43) for two-dimensional and axisymmetric, chemically reacting,

turbulent flows in combustors. The parabolized form of the Navier-Stokes equations were solved

using an implicit, space marching finite-difference method. However, the static pressure field is

determined using an eXplicit procedure that essentially determines flow properties along

characteristics; the method has been termed a viscous characteristics approach. The k--epsilon model

is used to determine the turbulent viscosity and an eight-step, seven-species reaction rate mechanism

is used to compute the burning rate of hydrogen.

Initial appiication of the SCORCH code during other programs showed that it can be used
provided that the Mach number away from solid surfaces renrains high enough (greater than
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approximately two) and that flow conditions vary smoothly in the I. eral direction. The latter
restriction is probably relevant for any PNS method. The former restrict, " is inheren, in the viscous
characteristic method. Thus, the technique can be applied to, say, reacting flows in nozzles and
two-dimensional flows in combustors at higher simulated flight Mach numbers than that
corresponding to the present experiments, Since the hydrogen fuel is injected at sonic conditions and
since heat release in the shear-layer mixing region between the hydrogen and air streams tends to

reduce the local Mach number toward unity, it was found that the SCORCH code could not be applied
in the present program. In a private communication, SAIC did show how the code can be applied to

compute the flow in a comnbustor with flow conditions somewhat similar to the present conditions (Ref.
44); however, numerous restrictions and approximations were used. Due to its lack of robustness,

SCORCH was not used further in the present study.

The second PNS code considered is ESCAPE, a code developed recently at NASA-Langley
Reseatch Center from the three-dimensional version of SPARK (Ref. 45). The code solves the
parabolized, Navier-Stokes equations in three dimensions using the explicit riethod of MacCormack
(Ref. 37). In this application of MacCormack's method, differencing in the a.ial direction is
approximated in a manner analogous to temporal differencing when the technique is used for
approximating the time-dependent form of the Navier-Stokes equations. The pressure distribution in
the local cros'splane isi deterrnqnd dirgrtiy fr the ur, a-tions. In subsonic ; .gions, t-" cL -- .. .. ...... . 1......... 1,0 111 .... II .•. . . A. •U•O , I 'C I lS L1,.

standard procedure (Ref. 46) of neglecting a portion of the static pressure gradient in the axial
direction is used to eliminate numerical instabilities caused by upstream propagation of disturbances
in subsonic regions. The Baldwin-Lomax turbulence model is used in the original version of the code,

but the k-epsilon model was added at UTRC under the NASP program. Both a one-step and a
multiple step chemical kinetics mechanism for hydrogen-air combustion are available.

The ESCAPE code was not available until relatively late in the present study. When the code was
applied to analyze the experiment of Burrows and Kurkov (Ref. 44), reasonable agreement was found
between calculated and measured profiles at the combustor exit (Ref. 45). However, computer run
times are considerably longer than anticipated for a PNS code and robustness is lacking for flows of

interest in the present effort. The developers have noted that several errors are present in early releases
of the code. Since additional time is evidently required before the ESCAPE code can be applied
routinely, it was not used in this study.

As a consequence of the above cited considerations, two Navier-Stokes and two parabolized
Navier-Stokes codes were idez~ntified as applicable to the present problem. The PNS codes were
evaluated as part of other programs and were found to require additional development before they can

be used routinely to analyze scramijet combustor flow fields. Results obtained using the two
Navier-Stokes codes were similar to each other when applied to the same preliminary set of flow

conditions obtained early in the experimental program. Since one of these codes (SPARK) is also
available to Government contract)rs, it was selected for use in this program.
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The SPARK code has been previously assessed primarily for turbulent, mixing dominated
problems. In all such cases, the Baldwin-Lomax algebraic turbulence model was used. Recently
however, UTRC assessed the Baldwin-Lomax model and the newly implemented (k-epsilon) model by
calculating the inlet pitot pressure and total temperature profiles presented to the test section and
comparing these profiles to measured data. The calculations, which were started in the subsonic
plenum downstream of the facility heater, were performed using two over lapping grid sections. The
grid densities were 100 by 50 in each segment. A constant temperature (cold) wall boundary condition
was specified for each calculation section. The calculated static pressure distribution for the entire
nozzle calculation is shown in Fig. 57. The calculated-profiles comparison to measured total
temperature and pitot pressure data are shown in Figs. 58 and 59, respectively. 'The Baldwin-Lomax
model produced results that show substantially thicker wall boundary-layer development owing to the
inability of the model to provide proper comparison of the mixing effects across regions with large

density variation. The (k-epsilon) model results, however do show reasonable agreement with the
observed flow profiles. These results should be kept in mind in assessing and interpreting the results of
the next section.

SELECTION OF CASES

Flow conditions from several experimental tests were used to define six cases to be simulated

with the selected computer program. Each case used data from several tests since more than one test
was required to obtain a complete set of data using both intrusive and nonintrusive methods. Flow

conditions in the airflow just upstream of the fuel injection station (Station 1 in Fig. 1) were obtained in
a separate series of tests and scaled to the flow conditions for the simulation of interest as described in
the section, "Experimental Procedures".

The six cases are listed in Table 6. Flow conditions specific to each case are presented in the
discussion of results (below). For flows in which the shock generator is not present, two mixing cases

and two reacting flow cas.e.sw.re run; the equivale•nC ratio dIf 1r, each pair of cases. One mixing
and one reacting flow case were run with the shock generator in place. For the two mixing cases, the
static pressure of the hydrogen at the exit of the fuel injector increased with increasing equivalence
ratio (0). In all cases, the fuel stream was underexpanded relative to the main flow at the injector exit so
that for the present case the equivalence ratio is essentially a measure of the extent of underexpansion

of the fuel jet. Note that a total of 23 variations of these cases were r,'.i in an attempt to improve the
level of agreement between measured and computed results and to assess the sensitivity of thc
computed results to various modeling assumptions. Selected representative results from some of these
variations are presented in conjunction ' ith the discussion of results.

DATA AVAILABLE FOR COMPARISON TO CFD RESULTS

The objective of the computations was to provide simulated flow results that could be compared

to the available data and thereby provide a means of evaluating existing CFD analyses. During the
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experimental program, wall static pressure, pitot pressure, stagnation temperature, static
temperature, and concentration data were acquired.

The wall static pressure data were acquired using static pressure taps mounted flush to the walls
of the test section. These data can be regarded as the most reliable of the data acquired since such
measurements are made using well-established techniques. For external, supersonic flows and for
both internal and external subsonic flows, it is relatively easy to predict wall static pressure
distributions with reasonable accuracy. For supersonic internal flows in which a second gas of
different density is injected parallel to the main flow direction, it is much more difficult to predict
accurately the wall static pressure distribution. The reason for this difficulty is that waves incident on
the mixing layer between the two streams are both reflected from, and transmitted through, the layer.
Small changes in both the angle of incidence and properties within the layer can alter significantly the
resulting wave pattern in the test section. It is interesting to note the lack of comparison with the wall
static pressure data in published reports of CFD comparisons for the data of Burrows and Kurkov
(Ref. 44). For example, results using the ESCAPE code were presented in Ref. 45 only for flow profiles
at the exit of the combustor. These results were reproduced at UTRC with the ESCAPE code; however,
agreement between predicted and measured wall static pressures fox this case were in poor-to--fair
agreement. As will be shown subsequently, the wall static pressure variations were not predicted
accurately for the present effort either.

Pitot pressure data were acquired using the same probe that p.rovided total temperature data
(Figs. 5 and 6). Of the data obtained within the flow field, these are probably the most reliable data as
far as the CFD evaluation is concerned. The measurements are easy to make and they are not affected
by small variations in flow properties. In principal, CFD results should differ at most from the
measured pitot pressures by a vertical displacement of the pitot pressure profile due to errors in
computing the vertical location at which an oblique shock wave passes through the flow at the axial
station of interest.

Stagnation temperature data were also acquired using the dual-sonic orifice probe. As noted
earlier in this report, determination of stagnation temperature using this method is quite difficult;
however, it is the only practical method available for use in flows of the type studied here where
stagnation temperatures within the flame prohibit the use of thermocouple probes.

Static temperature data were acquired using the CARS technique. As is also evident from the

earlier discussion, these data are difficult to obtain with an accuracy suitable for evaluating CFD
codes in an unambiguous fashion. On the other hand, the accuracy of CFD resufts for static
temperature can be affected significantly by (a) errors in the determination of the wave pattern in the
combustor, and (b) errors in mixing and reaction rate models for the case of reacting flows.

Relatively few species concentration data were acquired during the experimental program. Since
extensive processing of the CARS results were required to obtain these data so that concentration
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measurements were not available until almost all of the analytical effort was completed. The accuracy

of CFD results for species concentrations can be affected by errors in static temperature

determination and the accuracy of mixing and reaction rate models. To assess the current state of

development of CFD codes, a larger amount of concentration data are required. In spite of these
stipulations, some comparisons are presented for tests during which both static temperature and

species concentration data were acquired.

MODEL ASSUMPTIONS

In using the CFD codes to simulate the flow in the scramjet combustor, several assumptions were
trade. In all cases, some of the details of the flow conditions had to be assumed since it was not
practical to measure all of the flow boundary conditions. Additional assumptions were made
regarding the choice of turbulence model, chemical kinetics scheme, and grid density and distribution.

Boundar.i Conditions-- In the first category of assumptions, it was necessary to estimate flow
boundary conditions in the absence of detailed measurements. As noted earlier, the total temperature,
static pressure and Mach number profiles at Station 1, Figs. 8, 10, and 11, respectively, were estimated
by scaling the available nozzle exit data to the specific experimental condition. It was also assumed that

the hydrogen, oxygen and air in the vitiated-air heater reacted completely so that the mass fractions of

nitrogen, oxygen and water vapor at Station I were computed from the metered flow rates into the

heater. Experimentally, it was determined that the heater was operated at high efficiency so that the

effect of this assumption was to neglect the concentration of certain radicals generally found in only

small amounts in fuel-lean systems; it should be noted that some of these radicals may be important in

the ignition process of fuel with air (see below).

It was also necessary to eGimate flow conditions at the exit of the hydrogen slot injector from the

measured stagnation temperature and pressure and the assumption that the hydrogen flow was sonic

at the exit. Since the injector exit is located relatively close to the fuel plenum, the flow at the exit is not

full. develo....; thref..e, .... f ouat ) ,'proile was used io represent each of the flow conditions at the

exit. Not\ 'hat bolmdary layer estimates made for a similar fuel injector used during other experiments

at UTRC show that the boundary layers are small relative to the slot height at the exit of the fuel

injector.

For the cases computed w"ihout the shock generator, the computational domain extended from

just upsi eamn ofith fuel injector eojt to just downstream of the Station 3 measuring station. Usually, 75

grid nodes were used in each coordinate direction. i11vo different grid node distributions were used in

the vertical direction depending on the extent to which the boundary layer along the lower wall of the

combustor was resolved. To avoid an excessive number of grid nodes in the axial direction, the region

directly downstream of the splitter plate wa& resolved with a relatively coarse mesh; typically, the flow

along the face of the splitter was iiot required to iti, the no-slip velocity or irviscid lip boundary

condition.
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Perhaps as a consequence of assuming the existence of certain flow conditions at the exit of the
injector and making some compromises in grid density or distribution for the sake of computational
efficiency, wave patterns in the vicinity of the fuel injector were in poor agreement with those obtained
from the schlieren system.

In all cases, viscous, no-slip boundary conditions were used along the upper surface of the
combustor. The lower boundary was treated as either viscous or inviscid as noted in the discussion of
results. All flow conditions at the combustor inlet (Station 1) or injector exit were specified. Flow
conditions at the exit of the computational domain were determined by extrapolation from the interior.
Inlet and exit flow conditions are thus seen to be specified in a manner consistent with the fact that the
flow is supersonic.

For cases in which the effects of the shock generator (6-degree ramp) were simulated, the
computational domain was extended to a point approximately one inch upstream of the start of the
shock gencrato-. Approximately 100 nodes were used to define the grid in the axial direction and 75
were used in the vertical direction. Viscous, no-slip velocity boundary conditions were used on the
upper and lower surfaces. Inlet and exit boundary conditions were specified as in the cases in which the
shock generator was not present.

Typically, more than one computation was made for each case. In some cases, the grid node
distribution was vai•ed or the lower wall boundary condition was changed from (say) an inviscid to a
viscous flow con,":on.

Turbulence Models- The effects of different turbulence models on the calculated results were
also evaluated. For example, the original version of the SPARK code used the Baldwin-Lomax
algebraic turbulence model (Ref. 38) to determine the local turbulent viscosity. In this model, the
turbulent length scale is determined from the location of the maximum vorticity relative to the nearest
solid surface. For unconfined flows about airfoils, this midel provides a rapid and accurate means of
determining the turbulent viscosity. For confined flows, experience shows that the location of
maximum vorticity can vary rapidly, especially if locally separated regions exist in the flow; such
regions may exist in the vicinity of incident shock wave-boundary layer interactions. Similar problems
in length scale determination occur in the presence of shear layer/mixing regions such as that between
the hydrogen fuel and vitiated air streams. As a result, it may be difficult to achieve convergence of the
calculation. In other cases, the predicted turbulent length scale may be large enough to produce
unrealistically large values of turbulent viscosity.

To provide an alternative turbulence model, the two equation, k--epsilon model was added to the
SPARK code (Ref. 39). The characteristic turbulent velocity is obtained from the solution of the partial
differential equation for turbulent kinetic energy (k); the turbulent length scale is computed from the
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solution of the partial differential equation for turbulent energy dissipation rate (epsilon). The

turbulent viscosity is related to k and epsilon algebraically (see Ref. 39).

= k2  (13)
It t E

It should be noted that the k-epsilon model was developed and calibrated for low-speed flows

and that special treatment is required in the immediate vicinity of solid surfaces. Nevertheless, the
model is in widespread use and generally avoids some of the problems in length scale determination
when algebraic models are used to analyze complex flows. No attempt was made at this time to include

corrections for compressibility effects.

Chemical Kinetics Models- When simulating the reacting flow cases, it was also necessary to
consider alternative chemical kinetics models. The static temperature of the vitiated-air delivered to
the test section was generally less than 1000 K (1800 R). This temperature is often cited as the
autoignition temperature for stoichiometric hydrogen-air mixtures at a pressure of one atmosphere.

When single- and multiple-step global chemistry mo AIs (such as those incorporated in SPARK,
ESCAPE, SCORCH and NASTAR) are used, little or no chemical reaction is predicted to occur.
Experimentally, substantial chemical reacti•,n occurs, perhaps due to initiation by radical species
produced either during vitiation or in small regions of flow recirculation in the comer flow regions of

the combustor.

To force chemical reactions to occur to the CFD calculations, the one-step model of Varma, et al.

(Ref. 47) was used for most of the calculations presented later in this report. In this model, hydrogen
and air ar• allowed to react at a finite rate; there is no reveise chemical reaction. In a few cases, an
ignition delay model was used to define the region in the flow field in which chemical reaction can
occur. in ignition is assumUed to occur once the ievei of concentration of a species, crucial to

the ignition process, is large enough. A transport equation for the crucial species is solved with a

source tz.-im 'irectly related to available ignition deiay time data (e.g., Ref. 49). Except for a few cases

noted later, the crucial species model was rot used for most of the simulations run.

The typical chemical kinetics mechanism consists of one or more chemical reactions whose

forward and reverse rates are expressed in the form of an Arrhenius rate expression with specific rate
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constant, K given by:

K = AT' e E/RT (14)

This form is justified on the basis that it can be derived from molecular collision theory and that
all chemical reactions occur at the molecular level.

For turbulent flows in which the reactants are contained in small eddies, it is necessary for the
reactants to mix thoroughly before chemical reaction can occur. If the temperature is high enough, it is
possible for chemical reactions to occur much more rapidly than reactants can mix. That is, the rate at
which the combustion process proceeds is limited by the rate of mixing of the reactants contained in
individual eddies. The rate of mixing is related to the turbulent time scale which in turn can be
determined from the turbulent velocity and length scales. Magnussen and Hjertager proposed a
one-step reaction rate model for turbulent flows in which the time scale can be computed directly from
k and cpsilon (Ref. 48). One case was run using this model. However, whereas the effect of ignition
delay was approximated in Ref. 48 from the local concentration of product (water, in the present case),
it was simulated in th( present calculations using the crucial species model.

COMPARISONS OF COMPUTED RESULTS AND DATA

In this section, the calculated flow results are compared to experimental data for the six flow
simulations presented in Table 6. First, results are presented for two reacting flow cases at two
different equivalence ratios. Second, results are shown for two nonreacting flow (mixing) cases for two
different tquivalence ratius: i.e., for two injector to main stream pressure ratios. Finally, results are
given for both reacting and mixing cases in which the effects of the shock generator are present.

Reactii Flow Cases 3A and AFS4A)- Calculations were performed for two reacting flow
cases usinE the SPARK code. The flow conditions simulated are listed in Table 7. These cas ts have
been designm.'ed AFS3A and AFS4A. Note that several test runs were used to provide a complete set of
flow conditions and measured data for each case. Note also that the equivalence ratio presented in
Table 7 is based on the metered flow rates of reactants.

The calculations were made initially using the Baldwin-Lomax algebraic turbulence model (Ref.
38) to compute the turbulent viscosity.

Ignition delay time estimates indicated that, for the assumed flow conditions, autoignition of the
hydrogen-air mixture was unlikely to occur. The ignition delay time estimates were based upon a
correlation of the data of Slack and Grillo (Ref. 49) as supplemented with additional information to
include the effects of variations in equivalence ratio on ignition delay time. Contrary to these
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estimates, the experimental re-sults indicated that autoignition did occur and that it was not necessary
to employ the torch igniter in the conduct of the tests. The experimentally observed autoignition may
be attributable to higher temperatures and lower ignition delay times in the wake of the splitter,
catalyzing effects of the hydrogen-air reactions due to trace species produced during vitiation, or
possibly three-dimensional effects in the vicinity of the side walls.

To provide an unambiguous result for the simulations, a simple chemical reaction rate expression
was used in which the effect of ignition delay was ignored (Ref. 47). Since the extent of fPame
propagation in the present case was mixing controlled, it is believed that the reaction rate model used

was adequate.

The calculations were run using a grid with 75 nodes in each direction. No-slip, temperature
specified boundary conditions were used along the top wall. The flow along the bottom wall was
assumed to be adiabatic and the flow velocity was allowed to slip; mathematically, the lower wall
boundary condition is identical to that for a plane of symmetry. By neglecting viscous effects along the_
lower wail, grid nodes could be concentrated in the shear layer region and near the upper surface
Implicit in the method for modeling the lower wall of the combustor was the assumption that the
shocks generated by the growth of the boundary layer along this wall are weak and have negligible
effect on the results (see below). The calculations were initiated at the downstream end of the splitter
plate. Based on previous results, the boundary condition along the vertical face, or lip, of the splitter
plate was replaced by a plane of symmetry condition. Tie effect of the lower wall and splitter plate

boundary conditions on the computed results was also investigated.

A comparison between computed and measured stagnation temperature for the higher
equivalence ratio case (AFS3A) is shown in Fig. 60 for the two measuring stations (Stations 2 and 3 in
Fig. 1). The computed and measured results are generally in reasonabie agreement. However, the
computed profiles appears to be shifted downward relative to the measured profiles. Note that the
computed results also show the peak temperature aQ,_onriated with chemical ,eaction i ,',e mIt n,

layer. A similar, but more extreme, result is evident for pitot pressure as shown in Fig. 61. Reasons for
this shift in position are offered below.

A comparison of measured and computed wall static pressures for both the upper and lower
walls of the combustor is presented for case AFS3A in Fig. 62. Here, while the general level is in
agreement a detailed comparison is only fair. Evidently, the predicted and observed wave patterns in
the combustor differ greatly.

Results for the lower equivalence ratio case (AFS4A) are presented in Figs. 63 through 65 and
show similar levels of agreement.

The computed results indicate that only 2 percent of the hydrogen is consumed for Case AFS3A
and only 5 percent is consumed for Case AFS4A. These levels are somewhat lower than those
estimated on the basis of the total temperature and static pressure measurements.
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Attempts were made (1) to explain more fully the discrepancies between the experimental data

and the present results, and (2) to improve the level of agreement between the computed and measured
results by examining the sensitivity of results to variations in some of the assumptions made when
performing these calculations. For example, it was assumed that the turbulent Schmidt number was

unity for the results shown above. Based on discussions with P. Drummond of the NASA-Langley
Research Center, there is some evidence that the turbulent Schmidt number is closer to 0.5 for

hydrogen-air mixing situations. A case was run (AFS3AR1) in which the turbulent Schmidt number

was 0.5, but the computed profiles at Stations 2 and 3 differed only slightly from those shown in Figs. 60

through 62.

Recall that the flow along the lower wall was assumed to be inviscid so that effects of both

boundary layer displacement and compression waves due to boundary layer Frowth along the lower
wall were neglected. A case (AFS3AR2) was run using the same computational grid but with no-slip

conditions along the lower wall. Agreement between the computed and measured results deteriorated
as shown in Fig. 66. It is also possible that some of this deterioration can be attributed to higher than

expected heat transfer to the cooled lower wall when the no-slip boundary condition was used.

Other cases were run in which the no-slip condition was applied to the face of the splitter plate

(AFS3AR3) or the injection Mach number was increased to 1.2 (AFS3AR4); the results obtained were

essentially unchanged from those shown in Figs. 60 through 62.

All of the cases described so far were run with the Baldwin-Lomax algebraic turbulence model
(Ref. 38) to calculate the turbulent viscosity. Examination of the computed results for both the reacting

(and nonreacting) cases indicates that the turbulent viscosity in the shear layer decreases rapidly in the

axial direction. In this model, the turbulent length scale is determined from the location of peak
vorticity relative to a solid surface. Experience with the Baldwin-Lomax model, obtained with several

computer programs applied to problems of confined flows, shows that the method of length scale
determination is not always reliable. Cases were also run using the k-epsilon turbulence model. To
satisfy the requirements of the turbulence model for the near-wall region and to keep computational

times reasonable, the grid nodes in the vertical direction were redistributed, but the number of grid
nodes in the vertical direction was kept constant at 75. The no-slip boundary condition was applied at
the lower wall. For the higher-equivalence ratio case (AFS3AR5), comparisons b-tween measured and

computed stagnation temperature profiles are shown in Fig. 67. Note that this calculation was never
converged satisfactorily. After examining the results for several cases run with the k--epsilon model, it

was concluded that the grid distribution in the vertical direction should be modified; the number of

grid nodes may be adequate, however.

Calculations for the lower equivalence ratio condition were also made using the k-epsilon model

(with the same grid as that used for case AFS3AR5) and the level of agreement between computed and

measured results was also poor (case AFS4AR2). In addition, a case was run in which the extent of
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chemical reaction was limited by using the ignition delay model to limit the extent of the region of the
flow in which chemical reaction was possible (case AFS4AR3); the level of agreement was poor in this

case, also.

Other than the use of the ignition delay model, no attempt was made to examine the effect of the

cheinistry model on the computed results. Results obtained for the Burrows and Kurkov experiment
(Ref. 44) show that the computed locations of peak values in the stagnation temperature and species
concentration profiles are somewhat sensitive to the choice of chemical kinetics mode; models
involving a greater number of chemical reactions tend to give somewhat better agreement (see Refs. 41

and 50). In the present study, the level of agreement for both reacting flow and mixing cases was
comparable; therefore, it was concluded that the choice of chemical kinetics model was relatively

unimportant.

In accordance with an earlier statement, comparisons between computed results for the high
equivalence ratio reacting flow case (AFS3A) and CARS data are presented. Comparisons are made
in Figs. 68 through 70 of static temperature and hydrogen and water vapor mass fractions, respectively.

Mixing Cases (AFS5 and AFS6)-- The flow conditions simulated are given in Table 8. The cases
have been designated AFS4 and AFS5. Note that several test runs were used to provide a complete set
of flow conditions and measured data for each case. Note also that the eqnivaln0n --ratio pesent in

Table 8 is based on the metered flow rates of reactants.

Since the flow is nonreacting, the only effect due to different equivalence ratio is that the fuel jet is
more underexpanded for case AFS6. The calculations were made initially using the Baldwin-Lomax

algebraic turbulence model. "lhe calculations were run using a grid with 75 nodes in each direction.
No-slip, temperature specified boundary conditions were used along the top wall. The flow along the

bottom wall was assumed to be adiabatic and the flow velocity was allowed to slip.

A comparison between computed and measured stag,,ation temperature profiles for the lower
equivalence ratio case (AFS5) is shown in Fig. 71 for measuring Stations 2 and 3. The computed and
measured results are generally in reasonable agreement. However, the computed profiles appear to be
shifted downward relative to the measured profile. A similar result is evident for pitot pressure as
shown in Fig. 72. Note that the measured stagnation temperatures show some shift between measuring
stations. Since the flow is nonreacting, and since the core total temperature should persist, the
differences are unexpected. Note however that on the expanded temperature scale used in Fig. 71, the
difference is approximately 200 degrees, comparable to the deviations measured between stations at
the high-temperature condition.

A comparison of measured and computed wall static pressures for both the upper and lower
walls of the combustor is presented for case AFS5 in Fig. 73. Here, the level of agreement is only fair.
Evidently, the predicted and observed wave patterns in the combustor differ greatly as noted
previously in the discussion of the reacting flow cases.
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Results for case AFS6 are presented in Figs. 74 through 76 and show similar levels of agreement.

Results obtained using the k-epsilon were essentially unchanged when this model was used to

simulate Case AFS5 and the velocity along the lower surface was allowed to slip (Case AFS5R 1). When
the k-epsilon model and a no-slip velocity condition on the lower wall were used, the level of agreement

between c.,lculated and measured results deteriorated for both flow rates of fuel (Cases AFS5R2 and

AFS6R2).

For Case AFS6, it is instructive to examine the effect of grid node distribution when the lower

wall boundary condition is the same (i.e., no-slip) and the turbulence model differs (Cases AFS6R2

and AFS6R3). Computed and measured stagnation temperature profiles are compared in Figs. 77 and
78. These results show that the choice of turbulence model has only a small effect on the results. A

direct comparison of the computed results in Figs. 74 and 78 (both obtained using the Baldwin-Lomax

model) suggest that grid node distribution and/or lower wall boundary condition has a greater effect

on the results. Since the lower wall boundary condition can influence the local mixing rate, the effects

of grid node distribution and boundary condition cannot be readily determined from the results
presented here. Based on a detailed examination of other calculated results using both grids, it is

concluded tentatively that the grid node distribution used for the results shown in Figs. 66, 67, 77 and

78 is the principal cause of deterioration of level of agreement. However, taken together, all of the
results indicate that the level of agreement is only fair.

Comparisons for the low equivalence ratio, non-reacting flow case (AFS5) between computed

and measured static temperature, and hydrogen and water vapor mass fraction are presented in Figs.
70 through 81, respectively.

Shock Generator Cases (AFS7 and AFS8)- Calculations were also performed for two cases in

which the shock generator was used. The shock generator consisted of a 6-deg ramp attached to the

lower wall beginning at a point upstream of the trailing edge of the splitter plate and terminated by a

blunt trailing edge. The flow conditions are presented in Table 9. These cases have been designated
AFS7 and AFS8 for the nonreacting and reacting flow conditions, respectively. The calculations were

initiated approximately one inch upstream of the start of the shock generator (2.5 inches upstream of

the fuel injector).

All of the calculations were made using the k-epsilon turbulence model and no-slip boundary

conditions on the lower wall and ramp (shock generator) surfaces.

It was found that steady flow solutions could not be obtained, i.e., the computation did not

converge, for any of the cases run with these flow conditions. Of course, it is possible that the flow
imrwediately downstream of the blunt trailing edge of the compression ramp was unsteady. No attempt

wat. dde to determine the characteristic frequencies of the computed flow unsteadiness. Video

images of the experimental flow field show that the flow is steady in the vicinity of the fuel injector.
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Lack of convergence and unsteao, iess can be produced in numerical results if the level of heat
release is large enough to unstart the supersonic flow. Since in all of the calculations presented in this
report, flow conditions are specified completely at the inflow (upstream) boundaries, there is no
mechanism to unstart the flow. Consequently, for unstarted flow the boundary conditions become
inconsistent and the calculation does not converge; for a code like SPARK which is based on the
solution of the time-dependent form of the governing equations, lack of convergence cona also be
exhibited as unsteadiness that persists. While thermally-induced unstart is one explanation for lack of
convergence or unsteadiness, it should be noted that in the present cases the experimental flows were
always started.

Comparisons between computed and measured profiles of stagnation temperature and pitot
pressure are shown for the nonreacting flow case (AFS7) irn Figs. 82 and 83, respectively. The level of

agreement is poor. However, the measured results show a rapid decrease in what is effectively the

freestream region of the main flow. While the shock structure may account for the shape of the
measured pitot pressure profile, the abrupt decrease in the total temperature may be related to the
cooling effect of the condensate being transported from the ramp-base recirculation region, discussed
earlier.

Three cases were run for the reacting flow case (AFS8). In th , fi ... case,.t-:--,, ...... lir-

model described in Ref. 47 was used. Computed and measured stagnation temperature profiles are
shown in Fig. 84. However, the computed results are unreliable since. the predicted level of heat release
is high enough to cause thermal choking; in fact, other numerical results for this case show that the
supersonic flow was attempting to unstart-the probable cause of lack of convergence.

When the ignition delay model was used (Case AFS8R1) the flow remained supersonic
throughout; however, a large amount of heat was released. The results for stagnation temperature are

shown in Fig.85.

Finally, the Magnussen-Hjertager chemistry model was used in conjunction with the ignition

delay model; however, the heat release rate was still sufficient to unstart the flow.

It should be noted that the measured stagnation temperature in the reacting flow case also shows
the rapid decrease in the main flow noted earlier in the nonreacting flow case (see Figs. 84 and 85). Note
also that these data show little evidence that chemical reaction in fact occurred in this test. That is, the
total temperature rise denoting the occurrence of combustion at Station Z in Fig. 84 is less than 200 R.
Other data as well as the video tape record do indicate that chemical reaction occurred. Consequently,

although questions regarding the shape of the measured stagnation temperature profile near !lhe lower
wall of the test section remain, the computed results indicate that considerable work remains to be
done on improving the physical models used in these simulations.
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[ASK 3: THERMAL COMPRESSION ANALYSIS

The objective of this task was to formulate a first-order analysis of the supersonic combustor
flcwfield as part of an effort to develop a combustor preliminary design process. Although ultimately
the detailed analysis and design of the supersonic combustor will rely heavily on accurate CFD code
computations, a simplified analytical approach yielding first-order designs would be useful and
cost-efiective. Furthermore, during experinental development efforts, in which the effects on the fPow
structure and pressure distribution of fuel injector site or flowrate changes are being evaltated, the
application of a CFD analysis in parametric studies may be time-consuming and not cost-effective.

A relations'..ip between the supersonic-flow deflection inauced by the burning planar hydrogen
jet was developed by Edelman (Ref. 51). State-of-the-art CFD codes may also be appropriate to
define this thermal compression effect. For the present, the purpose of this task was served by using
the former analysis results as a starting point for the first-order analysis.

WAVE ANALYSIS

Computational procedures were developed that can be be used to calculate the pressure wave
distribution induced as a consequence of combustion in a hydrogen-fueled supersonic combustor of
two-dimensional cross-section as represented ny the genmetry shown in Fig. 86 The file! inipption sitp
is at the top of the test section. The upper wall divergence angle (EWA) and the fuel injection slot neight
(FSH) are inputs. The approaching supersonic flow field (assumed as uniform) is prescribed by its
Mach number (M(1)), ratio of specific heats (GAM), and duct height (H). The lower wall is flat.
Calculations can be performed with and without the compression ramp. The ramp geometry is
prescribed by inputting the streamwise location of the ramp leading edge (XRS) measured from the
injection station, the forward and rearward ramp angles (Theta(3) and Delta (6)), and the streamwise
location of the ramp peak (XRAMBR).

The effect of heat release dunring combustion on pressure rise is simulated by establishing a shc-ck
wave at the interface between the fuel and the air at the injection location. This shock is termed the
thermal compression wave. The strength of the shock enters into the calculation by inputting the flow
turning angle due to the shock (THETA (2)). The turning angle can be estimated from Edelman's
correlation of deflection angle with the ratio of freestream of fuek mass flux shown in Fig. 87. This
correlation is based on calculations for the geometry shown in Fig, 88. Assumptions for Edelman's
calculation include combustion starting as the two streams mix and equal exdt pressures for the two
streams. The thermally induced deflection angle is the turning angle of the external streamline,
adjacent to the burning fuel layer.

The coordinate system used in the codes is shown in Fig. 86. The origin is on the lower wall at the
streamwise location corresponding to the fuel injection slot c.xit plane. The calculation tracks the
interaction of the tnermal compression wave with the ramp-generated waves (if present) and the duct
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walls. Figure 8S is an example of the flow field breakup with a compression ramp on the lower wall. Key
parameters in the calculation are:

M local Mach number

BETA shock wave angle relative to incoming flow
ANGLE wave angle relative to duct lower surface
DELTA local flow angle relative to duct lower wall

PP1TR local to incoming total pressure ratio
PP1SR local to incoming static pressure ratio

THETA turning angle incuced by a wave

NU Prandtl-Meyer function
XINT axial position of wave intersection

YINT vertical pos',ý,n of wave intersection

These are subscripted variables defined by the region number. A separate numbering system is used to
identify the intersection points. The sign convention for flow angle is positive for upward flow and

negative for downward flow.

Several approximations are used in the formulations. The discontinuity caused by the themal
"compression wave at its initiation point is ignored. The flow angle downstream of the thermal
compression wave is assumed to be the value that dictates the thermal compression wave strength.
Expandion fans are simulated by a wave at the center of a fan bounded by Mach lines corresponding to
conditions upstream and downstream of the fan. Sliplines are tracked to their intersection with the
next wave. At this point secondary waves are not generated since the downstream regions on each side
of the slipline intersection are similar. The flow conditions feeding into the next wave are assumed,
then, to be the average of the two conditions on the downstream side of the slipline intersection.
Another approximation is that the flow conditions downstream of coalescing waves are detei mined by
forcing the flow angle downstream of the coalescing waves to be the same as the downstream value
befo=c the waves coalesced. Secondary waves are not generated at these intersection points.

The codes are written to track the waves through the combustor. Separate subroutines are called
to calculate conditions downstream of each type of intersection. This approach provizles for a versatile
code since the main code can be written to handle afl possible orders of the wave iatersections. When a

compression ramp is included in the calculations, the number of possibilities is quite large.

The out-3ut of each code provides Mach number, local-to-entei'ing total pressure ratio, and local
to entering static pressure ratio for each region id&titified in Fig. 86. Listings of both of the codes are
provided in Appendix E. The first of the two programs, written in FORTRAN, is identified as S.FOR
and provides for investigation of the flowlield involving free shear-layer combustion. The secwnd
program, also written in FORTRAN, is designated as S4.FOR and permits calculation of the flowfield
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structure with a compression ramp incorporated in the flow:'._'-ld in the manner examined
experimentally during Task 1 of the current program.

EXAMPLE PROBLEM

Results derived from test cases a'e presented in Figs. 89 and 90 and are used to describe the

calculation procedure. Thn geometry for this example comprises a test section entrance duct that, as in
Zhe current experiment, is 3 inches in height. The duct incorporates a fuel injection slot 0292 inch high

and a 0.08-inch thicr splitter plate. The upper wall of the test section is angled upward in the

downstream direction, starting at the sonic fuel injection slot.

In both of the cases discussed, the test section entrance Mach number was 2.75 and the test
section entrance static pressure was 5.4 psia. The fuel-air equivalence ratio was 1 and the resulting

mass flux ratio was 0.349. For this mass flux ratio, according to the curves in Fig. 87, at a distance from
the injection site, x /D - oo, the induced flow deflection is approximately 4.8 degrees.

Results of the first case, involving free shear-layer combustion, are shown in Fig. 89, and the
calculated flowfield conditions are presented in Table 10. The test section entrance flow is deflected 2.8

degrees since the test section divergence is 2 degrees.

The results of the second calculation. nerformed to inchude a 4.9 deavPgr. com.resr•1;o ramp

placed on the lower wall of the test section, are shown in Fig. 90. The midculated flowfield conditions ate

presented in Thble 11. Attemits to perform a similar calculation involviii, a 6&-degree ramp have not

been successful.
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CONCLUDING REMARKS

Detailed optical and probe measurements have been made in a supersonic shear-layer mixing

experiment. Two classes of experiment were conducted. The first was a free shear-layer experiment

while the second involved a shock-wave generator thai caused an oblique shock wave to interact with
the shear layer. Hydrogen and water vapor concentrations and static temperatures were measured

using CARS while pitot pressures and total temperatures were measured using a DSO probe. Data
were acquired primarily at two vitiated-air total temperatures, i.e., nominally 1800 and 3700 R,
yielding non-reacting and reacting hydrogen-air mixing conditions. Convective Mach numbers,

calculated on the basis of the undisturbed test section entrance conditions, ranged from
approximately 0.03 for the low equivalence ratio, low total temperature condition to approximately
0.38 corresponding to the high equivalence ratio, high total temperature flow condition. DSO probe

and CARS surveys were conducted at two axial locations downstream from the tangential slot fuel
injector. Based on test section entrance surveys, which yielded initial conditions for the CFD code

analyses, the initial boundary layer momentum thickness, e was 0.12 inch. The two survey stations at
which the probe and CARS data were acquired thus lay at approximately 50 and 100 momentum
thicknesses (x/e = 50, 100) downstream fromn the slot injection location.

At the distance, x/W = 100, the shear layer appears to have assumed its asymptotic behavior. The
shesfr-!ayer charactelrstics measured at t"he #loscr distance from the injection site, i.e. at a distance,

x/a 8 50, appear to retain geometric features for which the injection-pressure mismatch with the local

airstreamn pressure is responsible.

Based on measurements of the pitot thickness, performed during elevated-temperature

combustion tests, the shear-layer growth rate measured at x/8 = 100 corresponds closely to the
calculated rate. The calculations were made using the semiempirical analyses due to Paparnoschou
and Dimotakis (Refs. 29-32). Similar measurements made during non-reacting mixing experiments do

not compare as favorably with the rsults of analysis. This was due at least in part to the fact that the
hydrogen injection pressure generally exceeded the local airstrearn static pressure measured
immediately upstream of the injection location.

Significant consequences of the shock wave-mixing layer interaction, reflecting measurements

made at a distaace, xEO = 100 fron, the injection slot, during combustion, are as follows:

"* The shear-layer growth rate did not change with respect to the rate measured
during the free shear-layer (no-shock) experiments.

"* The mixing-layer growth rate increased 35 percent and the distance between the
inner (low-speed) shear-layer edge and the adjaceru duct surface increased by
approximately 80 percent.

Corresponding results, derived frok., measurements made during non-reacting experiments,
comprise the following:
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"* Thle shear-layer growth rate decreased approximately 35 percent from the gr iwth
rate deduced during the free shear-layer (no-shock) experimients.

"* The mixing layer growth rate decreased approximately 19 percent during the
same comparison while the distance between the shear-layer inner edge and the
adjacent duct surface remained unchanged.

The apparent reversals in the shear- and mixing-layer growth rates may be related to the
reversals in the roles of the vitiated-air and fuel streams as primary and secondary flows in terms of
their relative velocities. During the high-temperature experiments, the airstream was the primary
stream, exhibiting the higher velocity. When the airstream temperature was reduced for the
non-reacting experiments, the injected hydrogen velocity exceeded the airstreami velocity, thereby
becoming the primary flow.

The mixing-layer growth rates derived from optically acquired CARS data exhibited trends that
are similar to the trends displayed by the pitot pressure data but only the hydrogen mole fractions,
measured at x/E6 50, yielded mixing-layer growth rates that were in reasonably good agreement with
the pitot pressure resuilts.

In the near field, i.e., at x/O 50, measured growth rates were strongly related to the degree of the
~~ o ~f -th -uljt. r.-m the _tnponf Ptt-mn _mpoc fu - :-:-xn th;1 su-

measured at Station 2 suggest the btenefits that may accrue from under-expanded injection. Measured
growth rates at this location dulring the high-temperat~uie experiment were 60 percent greater than
predicted values, based on "ideal" conditions for the injection process. Bearing in mind that the mixing
rates of all fuel injection processes in supersonic flows ultimately degenerate to their asymptotic levels
in the farfield, it seems clear that mixing enhance-ment accomplishments must rely on developing rapid
mixing behavior close to the point of fuel introduction into the airstream. Since the results of the
current effort include information suggesting that enhancement of growth rates may be induced by
huuh nrpccivro 2nnAl/r huih Sa~rh nammhor ;nhpptinn tho-e riroes-cepc vkh- 1,1 h.ý ýYnnnUtajA fizirh~r

.. V...Jr..._....W..-.- _ -

Four computational fluid dynamics codes were considered in this study. Two Navier-Stokes and
two paraboliz',%l Navier-Stokes methods were examined. Both of the PNS codes were deternmined to
require further development before they can be used routinely to simulate the flows of interest in the
presei .t study. Since only one of the Navitir-Stokes codes (SPARK) is avaiable through Government
soul!.es and since preliminary results showed that both codes produced comparable results, the
computational effort was directed toward the use of the SPARK. code.

For the cases in which the shock generator was not present, computed results were compared
with data acquired during the test program. In general, it was found that the level of agreernýnt
between predicted and measured stagnation tcnmperature and pitot pressure profiles at two axial
locations was fair. Reasons for the discrepancies were examined and it was concluded that the

42



computetd results were sensitive to the distribution of grid nodes in the vertical direction; it is also
possible that large errors in the length scale determination (used in an algebraic turbulence model for
the turbulent viscosity) were produced by poor or inadequate grid node distribution.

Computed axial static pressure variations were not in good agreement with the measured data. It
was noted that, for supersonic internal flows in which two parallel streams of dissinilar gases mix,

small variations in flow properties and initial conditions can alter significantly the resulting wave

pattern.

The level of agreement was only fair between the predicted and measured profiles for the wedge
(shock generator) cases. For the nonreacting flow case (AFS7), questions remain concerning the

stagnation temperature data in the region affected by the flow expansion behind the 6-degree ramp.
For the reacting flow case (AFS8), it was found that thermally induced unstart was predicted to occur

depending on the choice of chemical reaction model.

In all cases, the predicted profiles were displaced vertically relative to the measured profiles. The
effects of several of the assumptions used in the analysis were examined, but no improvement in the

computed results was obtained.

it is recommended that the data be used to examine whether suitable grids can be developed to
improve the level of agreement. Due to its greater flexibility when used in complex flow simulations, the

k--epsilon model should be used in future efforts; commonly used corrections for compressibility
should be incorporated into this model. It is also evident from the shock generator cases that a more

suitable chemical kinetics model should be examined.
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RECOMMENDATIONS

G,.i the basis of the current investigation's results, enhancement of the mixing-layer growth rate

appeared to occur due to the shock wave interaction with the mixing region. This phenomenon may
have significant consequences in improving levels of combustion performance attainable with fuel
injection concepts that provide high desirable levels of axial momentum. Obviously, the effect of this

interacticon also impacts the effectiveness of film-cooling approaches to supersonic combustor

thermal management. Although some of the fundamental issues concerning this supersonic
combustor fuel delivery concept have been addressed in the current effort, many questions remain.
Thus, the following future activities relating to these questions are recommended:

1) Acceleration of the injected hydrogen as a consequence of the injectant pressure

mismatch was suggested by the results as being responsible for the greater-than-
predicted levels of shear-layer growth. The separate effects of injection Mach
number and the degree of pressure mismatch should be isolated and the
consequential enhancement of the mixing layer should be quantified.

2) An effort should be made to provide a more detailed description of the initial
conditions oresented to the mixing pro ess. inparticular, the turbulnt

characteristics of the flowfie!d immediately preceding the injection site as well as

better definition of the velocity field would be of signific.,dnt value in developing a

greater level of agreement between the analytical and experimental results.

3) In parallel with the above work, a more precise definition of the flow phenomena
occurring in the regions immediately adjacent to the blunt-based splitter plate
should be sought. Since practical supersonic combustors will not be provided with

thin-lipped sections owing to the severe thermal environment and the likely need

for cooling, a better understanding of these regions of the flowfield is highly
desireable.

4) Owing to its greater flexibility in applications involving complex flow situations,
additional work should be performed, using the available experimental data to

determine whether suitable grids can be developed to improve the level of

agrecment between the computed and measured results.

5) Additional investigations using a limited set of test conditions should be performed

to refine the multi-species CARS diagnostic approach and identify relationships

between the flowfield characteristics and the measurement technique.
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LIST OF SYMBOLS

a Speed of sound

A Cross-sectional area

a Injection angle

b Shear-layer thickness

0 Shear-layer spreading angle

CD Discharge coefficient

Cp Specific heat at constant pressure

F Turbulent energy dissipation rate

f/a Fuel-air ratio

g Gravitational constant

"Ratio of specific heats

2 2(y-+ 1)

h Combustor height (or gap)

K DSO probe calibration constant

k Turbulent kinetic energy

I Mixing-layer thickness

1 . ... . ... J

M Mach number

Mr Relative Mach number

.410 Molecular weight

P Pressure

Pr Prandtl number

Q Heat transfer rate

R Gas constant

Re Reynolds number

RT Recovery factor
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P Density

T Temperature

Boundary-layer momentum thickness

Equivalence ratio (also E.R.)

u Velocity

Weight flow rate

x Axial distance

SUBSCRIPTS

a Air

as Adiabatic surface

c Coolant

F Test section fuel

HF Heater fuel

htr, o Heater conditions

i Jet (injection)

02 Oxygen

p Pitot, product gas

s Static conditions

T, t Stagnation conditions

'Ih Throat station

2 Test section entrance conditions
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TABLE 2
NOMINAL FLOW CONDITIONS FOR MIXING AND COMBUSTION TESTS

A. Low Temperature Case - Mixng Tests

Vitiated Air Heater

Air flowrate, Ibm/sec. 6.372
Oxygen flowrate, lbm/sec. 0.670
Hydrogen flowrate, lbm/sec 0.056

Test Section Entrance

Total TImperature, R 1820
Static pressure, psia (avg.) 5.06

B. High 'Temperature Case - Combustion Tests
Vitiated Air Heater

Air flowrate, Ibm/sec 3.560
Oxygen flowrate, Ibm/sec. 1.446
Hydrogen flowrate, Ibm/sec 0.126

Test Section Entrance

Total Temperature 3720

Static Pressure, psia (avg.) 5.80
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TABLE 3
MIXING CONDITIONS

Quantity I P = 0.5 I0.5

TT2, R 3720 3720 1820 1820

LtI, ft/sec 5798 5798 3867 3867

U2, ft/sec 3867 3867 3705 3705

r = u2/ul 0.667 0.667 0.958 0.958

S = P2/P1 0.52 0.26 2.99 5.98

Xr 0.20 0.20 0.02 0.02

X5 0.19 0.19 0.02 0.02

MCl 0380 0.310 0.027 0.030

Mr 0.65 0.65 0.06 0.06

Re/ft, x 106 1.45 1.45 3.62 3.62

TM 0.14 0.32 0.14 0.32

X 0.349 0.175 0.349 0.175

Pj, psia 8.72 4.36 12.4 6.2

tpP1jiL, 0.120 I0o.0 0.150 0.075

r = velocity parameter = (1-r)/(1+ r)

Xs. = velocity-density parameter = (1-r) (1 + SV2)/ 2 (1 + rs 1/2)

Mcl = Primary convective Mach number = (ul-u2)/al

Mr = Rat,•r''-IVed" Mach numir = (U1-u 2), i

Re = Reynolds number of vitiated airstream

qm -- Mixing efficiency (see text)

= jet-ýo--airstream mass flux ratio
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TABLE 4
SHEAR-LAYER GROWTH RATES

Test Total Equiv. Growth Rate, db/dx Spreading Angle, p3
Condition Temp., R. Ratio

Station 2 Station 3 Station 2 Station 3

Free Shear 3720 0.5 0.086 0.050 4.9 2.9
Layer 3720 1.0 0.085 0.051 4.9 2.9

1820 0.5 0.074 0.063 4.2 3.6
1820 1.0 (0.107)* 0.058 (6.1)* 33

Pressure 3720 0.5 0.073 0.053 4.2 3.0
Gradient 3720 1.0 0.071 0.056 4.1 3.2

1820 0.5 0.059 0.039 3.4 2.2
1820 1.0 0.063 0.038 3.6 2.2

Based on single data point, questionable.
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TABLE 6. SUMMARY OF FLOW SIMULATIONS

Case Type Geometry Eq. Ratio

AFS3A R P 0.7

AFS4A R P 1.0
AFS5 M P 0.5

AFS6 M P 1.0
AFS7 M W 1.0
AFS8 R W 1.0

Key: M = mixing case
R = reacting flow case

P = planar

W = shock generator (wedge)
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TABLE 7. FLOW CONDITIONS FOR REACTING FLOW CASES

Viliated Heater AFS3A AFS4A

Air flow rate 3.563 3.618 ibm/sec

Oxygen flow rate 1.525 1.537 Ibm/sec
Hydrogen flow rate 0.131 0.130 Ibm/sec

Test Section Conditions

Total temperature 3718 3601 R
Static press. (ave) 5.79 5.82 psia

Fuel Flow Data

Total temperature 512 516 R
Total pressure 18.09 8.59 psia
Hydrogen flow rate 0.170 0.080 Ibm/sec
Equivalence ratio 1.04 0.48

Slot height 0.292 0.292 in.
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TABLE 8. FLOW CONDITIONS FOR MIXING CASES

Vitiated Heater AFS5 AFS6

Air flow rate 6.632 6.644 Ibm/sec

Oxygen flow rate 0.742 0.767 Ibm/sec

Hydrogen flow rate 0.062 0.058 Ibm/sec

Test Section Conditions

Total temperature 1789 1698 R

Static press. (ave) 5.00 4.85 psia

Fuel Flow Data

Total temperature 510 517 R

Total pressure 11.74 23.61 psia

Hydrogen flow rate 0.110 0.7220 Ibm/sec

Equivalence ratio 0.49 0.95

Slot height 0.292 0.292 in.
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TABLE 9. FLOW CONDITIONS SHOCK GENERATOR CASES

Vitiated Heater AFS7 AFS8

Air flow rate 6.421 3.553 Ibm/sec

Oxygen flow rate 0.711 1.482 ibm/sec
Hydrogen flow rate 0.0569 0.1244 lbm/sec

Test Section Conditions

Total temperature 1827 3718 R
Static press. (ave) 6.26 5.84 psia

Fuel Flow Data

Total temperature 543 532 R

Total pressure 23.28 17.70 psia
Hydrogen flow rate 0.212 0.163 Ibm/sec
Equivalence ratio 0.97 .099

Slot height 0.292 0.292 in.

61



TABLE 10. CALCULATED WAVE STRUCTURE FOR FREE SHEAR-LAYER

COMBUSTION
using Thermal Compression Analysis

Equivalence Ratio 1; Mass Flux Ratio = 0.349

REGION X Y MACH NO. P/P2  Pt/Pt2_,

1 13.5600 3.0000 2.7500 1.00000 1.00000

2 20.5385 0.0000 2.6384 1.20301 0.99763

3 30.6533 3.9689 2.5330 1.43679 0.99842

4 40.5272 0.0000 2.6083 1.26615 0.99842
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TABLE 11. CALCULATED WAVE STRUCTURE FOR SHEAR-LAYER
COMBUSTION WITH PRESSURE GRADIENT

using Thermal Compression Analysis

Equivalence Ratio = 1; Mass Flux Ratio 0349

INTERSECTION POINTS

Intersection X V

1 16.12151 1.89884
2 20.15102 3.60216
3 18.91621 0.87277
4 19.95282 0.36728
5 20.35826 1.45614
6 14.56000 1.00000
7 21.57067 1.29003
8 162.05680 81.41759

FLOW FIELD DATA

Region Mach No. P/P 2  Pt /Pt2

1 2.75000 1.00000 1.00000
2 2.63835 1.20301 0.99763
3 2.56141 1.36642 0.99589
4 2.45820 1.62518 0.99617
5 2.45676 1.62645 0.99454
6 2.9116'/ 0.76013 0.99589
7 2.79660 0.92142 0.99617
8 2.79509 0.92223 0.99454

S9 1 7Anr n '))7'A A cwkcý719 2.9605 0.9274 .9967IV
10 1.18152 1.11234 0.09489
11 2.68422 1.11301 0.99683
12 1.35558 1.35977 0.28624
13 2.45818 1.62522 0.99617
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Fig. 2 View through Station 1 window showing fuel Injection

slot. Flow from left to right.
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WATER

PROBE TIP WATER

CONE HALF ANGLE = 250
OVERALL DIAMETER = 0.25 in.
ORIFICE DIAMETER = 0.020 in.

COOLANT ANDPT (UP)

CONDENSATE OUTLET STEAM INLET- PT1 I (DOWN)

SECOND ORIFICET2(P

(REMOVABLE)

EXHAUST TO
VACUUM

NOTE SUBSCRIPTS SHOWN ON THIS FI*URE REFER TO lot AND 2nd ORIFICES

Fag. 5 Double sonic orifice probe,
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Fig. 6 DSO probe Installation.
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Fig. 7 Mobile %CARS apparatus Installed around test section.
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Fig. 8 Initial conditions for high temperature case: total temperature.
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Fig. 9 Initial conditions for high temperature case: pitot pressure.
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Fig. 10 initia5 conditions for high temperature case: static pressure.

73



2-

z_

0 -
0 0.8 1.6 2.4 3.2

MACWH tN.UMBER
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Fig. 15 Shadowgraph Image of Hydrogen Injection at Equivalence
Ratio of 1. Air Total Temperature=1 800 R.

Fig. 16 Shadowgraph Image of Hydrogen Injection &at Equivaleicee
Ratio of 0.5. Air Total Temperature=1800 R.
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RUNS 55 AND 64
6.0

0 STATION 2
A STATION 3

4.0

00
C 00 0
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S0
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Fig. 17 Pitot pressure pWoiles from probe ieasursmonts at Stations 2
and 3 auring combustion tests at an equivalence ratio of 1. Free
shear-layer.
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RUNS 54 AND 63
6.0

0 STATION 2Z•STATION 3

4.0

CE 0 0

0

0 I
0 0.20 0.40 0.60 0.80

r-pI rto

Fig. 18 Pitot pressure profiles from probe measurements at Stations 2
and 3 during combustion tests at an equivalence ratio of 0.5. Free
shear-layer.
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RUNS 46 AND 59
6.0

0 STATION 2
STATION 3

4.0-
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A 0

0
0I I I _ _ _ _ _

0 0.20 0.40 0.60 0.80

pp/pta

Fig. 19 Pitot pressure profiles from probe measurements at Stations 2
and 3 during non-reacting tests at an equivalence ratio of 1.
Free shear-layer.
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RUNS 45 AND 57
6.0

0 STATION 2
A STATION 3

4.0

00
.G 00

2.0 -
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&

46 06
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pp/Pt 0

Fig. 20 Pltot pressure profiles from probe measurements at Stations 2
and 3 during non-reacting tests at an equivaience ratio of 0.5.
Free shear-layer.
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RUNS 55 AND 64
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0 STATION 2
A STATION 3

4.0

0 0
0 014 A
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500 1500 2rf) 0 .3500

Tt, R

Fig. 21 Total temperature profiles from probe measurements at Stations
2 and 3 during combustion tests at an equivalence ratio of 1.
Free shear-layer.
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RUNS 54 AND 63
6.0

0 STATION 2
SSTATION 3
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00

009
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a I I_. _ _ __ _ __ _

500 500 2500 3500 4500

Tt, R

Fig. 22 Total temperature profiles from probe measurements at Stations 2
and 3 during combustion tests at an equivalence ratio of 0.5.
Pree shear-layer.
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RUNS 46 AND 59
6.0

0 STATION 2
S 3TATION 3
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QýA

2.0"-

A9

0
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500 1500 2500 3500 4500

Tt, R

Fig. 23 Total temperature profiles from probe measurements at Stations 2
and 3 during non-reacting tests at an equivalence ratio of 1.
Freeshear-layer.
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RUNS 45 AND :7
6.0

0 STAT:ON 2
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4.0

* 00
.G 0 0 0
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500 1500 2500 3500 4500

Tt, R

Fig. 24 Total temperature profiles from probe measurements at Stations 2
and 3 during non-reacting tests at an equivalence ratio of 0.5.
Free shear-layer.
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RUN 55 AND 74 - CARS N2 MOLE FRACTION
(Phi = 1.0)

3.72
----- & STATION 3 RUN 55

3.6 D------O STATION 2 RUN 74

3.4

3.2 .

. 3.0
>: \

2.8 -
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2.4

2.21 I L I
0.1 0.2 0.3 0.4 0.5 0.6

MOLE FRACTION

Fig. 25 Nitrogen mole fraction profiles from CARS measurements at
Stations 2 and 3 during combustion tests at an equivalence ratio of
1.0. Free shear-layor.
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RUNS 55 AND 74 - CARS STATIC TEMP (R)
(Phi = 1.0)

3.72
f-= STATION 3 RUN 55

3.6 ------ 0 STATION 2 RUN 74

3,4

:3.2-

3.0-
2. '

2.6\

2.4

2.2' -
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Fig. 26 Static temperature profile& from CARS measurements at
Stations 2 and 3 during combustion tests at an equivalence
ratio of 1.0. Free shear-layer.
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RUNS 95 AND 96 - CARS STATIC TEMP (R)

(STA. 3, T.T = 2000 R)

3.72
3 E.R. = 1.07 RUN 95
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Fig. 27 Static temperature profiles from CARS measurements at Station
3 during non-reacting tests at nominal equivalence ratios of 0.5
and 1. Free shear-layer.
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RUN 055 AND 64 - CARS H2 MOLE FRACTION

(Phi = 1.0)
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Fig. 28 Hydrogen profiles from CARS measurements at Stations 2 and 3
during combustion tests at an equivalence ratio of 1.0. Free
shear-layer.
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RUN 57 AND 59 - CARS H2 MOLE FRACTION
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b7 ---- E.R. = 0.53 RUN 57
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Fig. 29 Hydrogen profiles from CARS measurements at Station 2 during
non-reacting tests at nominal equivalence ratios of 0.5 and 1.
Free shear-layer.
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RUN 81 AND 04 - CARS H20 MOLE FRACTION
(STA. 2)

3.72
S- E.R. = 0.54 RUN 81

3.6- O-----O E.R. = 1.13 RUN 84
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Pig. 30 Water vapor profiles from CARS meaosuroments at Station 2 during
combustion tests at nomlnal equ~valence ratios of 0.5 and 1.
Free shear-layer.
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RUN 84 AND 92 -CARS H20 MOLE FRACTION
(Phi =1.0)

3.72-
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Fig. 31 Water vapor profiles from CARS measurements at Stations 2 and
3 during combustion tests at an equivalence ratio of 1. Free
shear-layer.
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RUNS 112 AND 124
6.0

0 STATION 2

A STATION 3

4.0 -

200 0

2.0 00 OM

0 0.2 0.4 0.6 0.8

Pp/Ptc

Fig. 32 Pitot pressure profiles from probe measurements at Stations 2 and
3 during non-reacting tests at an equivalence ratio of 1.0. Shock
Interaction.
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RUNS 121 AND 126
6.0

o STATION 2
ASTATION 3

4.0

IM4~ 0ýA 0

2.0-

A 0

0 - I

PplPto

Fig. 33 Pitot pressure profiles from probe measurements at Stations 2 and
3 during combustion tests at an equivalence ratio of 1.0. Shock
interaction.
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RUNS 112 AND 124
6.0

0 STATION 2
/ STATION 3

4.0

2.0 -

0
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Tt, R

Fig. 34 Total temperature profiles from probe measurements at Stations 2
and 3 during non-reacting tests at an equivalence ratio of 1.0.
Shock interaction.
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RUNS 121 AND 126
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Fig. 35 Total temperature profiles from probe measurements at Stations 2
and 3 during combustion tests at an equivalence ratio of 1.0. Shock
Interaction,
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RUN 121 AND 126 - CARS STATIC TEMP (R)
(Phi = 1.0, T.T. 4000 R)

3.72
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Fig. 36 Static temperature profiles from CARS measurements at Stations
2 and 3 during combustion tests at an equivalence ratio of 1.
Shock Interaction.
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RUN 122 AND 127 - CARS STATIC TEMP (R)
(Phi 0.5, T.T. 4000 R)
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fr--' ZSTATION 2 RUN 122

3.6 D-...- STATION 3 RUN 127

3.4"

3.2

3.0-
>: 0

#4.

/

/
2.6 -/

2.4-L

2.2 - -I I I 1 I I I
400 609 800 1000 1200 1400 1600 1800 2000 2200

DEGREES R

Fig. 37 Static temperature profiles from CARS mreasurements at Stations
2 and 3 during combustion tests at an equivalence ratio of 0.5.
Shock Interaction.
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RUN 112 AND 124 - CARS H2 CONCENTRATION
(Phi = 1.0, T.T. = 2000 R, WEDGE)
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Fig. 38 Hydrogen concentration profiles from CARS measurements at
Stations 2 and 3 during non-reacting tests at an equivalence ratio
of 1.0. Shock Interaction.
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RUN 122 AND 127 - CARS H20 CONCENTRATION
(Phi = 0.5, T.T. = 4000 R, WEDGE)
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Fig. 39 Water vapor concentration profiles from CARS measurements at
Stations 2 and 3 during combustion tests at an equivalence ratio
of 0.5. Shock Interaction.
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A P = 1.26
A* 1.137 M =1.44

t SHEAR-LAYER
M -2.61 OUTER EDGEo,oA in,

M2 = 2P75- 1.23
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Fig. 42 Estimated flowfleld characteristics near injection region; IF P/P2
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Fig. 43 Enlargement of a shadowgraph Image depicting features of the fuel
Enjectorr flowu f!NI for aMn eqwaen rto of^ 0%# 1 1 nm Wasa
flow condition.
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ti

Fig. 44 Mixing layer nomenclature: F - Fuel, A = Air, I = mixing-layer height,
b - shear-layer thickness.
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Fig. 45 Shear-layer growth rate as a function of equivalence ra-
tio izr current test conditions.
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Fig. 46 Shear-layer growth rate variation relative to air stagnation tempera-
ture. Equivalence ratio - 1.
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Fig. 47 Definition of pitot thickness (a) ref. 32, (b) present Investigation.
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Fig. 48 Example of pitot thickness measurement.
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Fig. 49 Relationships between shear-layer growth rates and jet Mach num-
ber for insilualanr.i rthir, of I rsale Jet .tannantnn tamnerstaire

520 R.

110



00 0

0 0 O
=•,<-'-,, 1 0O
_jO
c= -"-000

C4 Q(a)

occ
U_o

U) 6

0 0

500 1000 2000 3000 4000

TOTAL TEMPERATURE, Tt 2 - A

00
"1000 0 095 3T0

,Jb

ccA TU Tt

tco (b)

IA11

•o 0

9N) 1000 2000 3000
tOTAL TEMPERATURE, Tt 2- PR

Fig. 50 Det'lnltlon of mixing layer thicknetis based on total tempera-
ture 0•) with combustion and (b) non-reacting.
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Fig. 51 Definition of raixing layer thickness based on hydrogen concentration.
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Fig. 52 Definition of mixing layer thickness based on static temperature.
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Fig. 53 Definition of mixing layer thickness based on water vapor molo fraction.
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Fig. 54 Estimated mixing efficiency for current experiment.
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Fig. 55 Duct geometry used for cycle calculations,
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Fig. 56 Results of cycle analyses of test configuration (a) Injected 9 -
1; (b) injected 0 - 0.5. See Fig. 55 for subscript notation.
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Fig. 57 Calculated nozzle static pressure distribution.

-L - -------

ISALDWIN-LOMAX

MODELM0 K e MODEL

0 1800 3600
TOTAL TEMPERATURE, R

Fig. 58 Comparison between computed and measured total temperature
profiles.

K
BALDWIN-LOMAX

MODEL K C MODEL

0 30 60
PITOT PRESSURE, psia

Fig. 59 Comparison between computed and measured pitot pressure
profiles.

117



CASE AFS3A CYCLE = 45000
6.0

STATION 2
STATION 3

D-C RUN 74
O-0--- RUN 55
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0D
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Fig. 60 Comparison between computed and measured stagnation tempera-
ture prof Iles for Of I (case AMSA).
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CASE AFS3A CYCLE 45000
6.0

STATION 2
---------- STATION 3
D----.- RUN 74
O---C-0 RUN 55

4.0-
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0
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DO

01
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Fig. 61 Comparison between computed and measured pitot pressure profiles
for @ = 1 (case AFS3A).
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Fig. 62 Comparison between computed and measured wall static pressure
distributions for 6 = 1 (case AFS3A).
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Fig. 63 Comparison between computed and measured stagnation tempera-
ture profiles for 0 0.5 (case AFS4A).

121



CASE AFS4A CYCLE = 45000
6.0

STATION 2
STATION 3

0-0 RUN 81
0------- RUN 54
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Fig. 64 Comparison between computed and measured pitot pressure pro-
flies for8O- = 0.5 (case AFS4A).
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CASE AFS4A CYCLE = 45000
Phi = 0.7, STATION 3
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0----- -- 0 UPPER WALL

10.0

Mv

0~

0
13 0 1 //- "0• 0 0 -3

0o o o
6. 0 3 0 0 Q

0 ,0

5.0 15,0 25.0 35.0
x, in.

Fig. 65 Comparison between computed and measured wall static pressure
distributions for Ir - 0.5 (case AFS4A).
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CASE AFS3AR2 - LOWER WALL IS NO SLIP CYCLE = 45000
6.0

STATION 2
STATION 3

O-D RUN 74
O----O3 RUN 55
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0!
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Fig. 66 Comparison between computed and measured stagnation temperature
profiles for O' - 1 (case AFS3AR2).
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CASE AFS3AR5 - K-EPSILON MODEL CYCLE = 75000.GORSKI NEAR-WALL MODEL)
6.0

STATION 2
---------- STAIION 3S~RUN 74

Q-----O RUN 55
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[" 3
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0~
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It 9

Fig. 67 Comparison between computed and measured stagnation temperature
profiles for V" - (case AFS3ARS) .
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CASE AFS3A CYCLE = 45000
6.0

STATION 2

S- RUN 74
O-- O RUN 84
•- .... - RUN 55
0-'----0 RUN 92
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01 _ _ _ _ _ _ _ _ _ _ _ _
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Fig. 68 Comparison between computed static temperature and CARS
measurement at Stations 2 and 3 during combustion test at an
equivalence ratio ot 1. Free shear-layer.
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CASE AFS3A CYCLE = 45000
6,0
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STATION 3

-ORUN 74
0-O RUN 84
LA.----L• RUN 55
0'------ •RUN 92
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0 P-
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0 0.4 0.8 1.2
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Fig. 69 Comparison between computed hydrogen mass fraction and CARS
measurement at Stations 2 and 3 during combustion test at an
equivalence ratio of 1. Free shear-layer.
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CASE AFS3A CYCLE = 45000
6.0
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- - - - STATION 3
(• RUN 84

b-----0RUN 92
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o_ _ _
0 02 0.4 0.6

H2 0

Fig. 70 Comparison between computed water vapor mass fraction and CARS
measurement at Stations 2 and 3 during combustion test at an
equivalence ratio of 1. Free shear-layer.
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CASE AFS5 - NONREACTING CASE, phi 0.5 CYCLE = 25000
6.0

STATION 2
- - - - - - --STATION 3
--- RUN 57

O------'ORUN 44

4.0

0 0

2. 0

or Tt,R

400 ~ ~ ~ r 12020020

Fig. 71 Comparison between computed and measured stagnation temperature
profiles for 0'- 0.5 (case AFS5).
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CASE AFS35 -NONREACTING CASE, phi =0.5 CYCLE =25000
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Fig.72 ompaiso beteencomptedand easred ito presur proile

"fo .5(aeAS)
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CASE AFS5 - NONREACTING CASE, phi = 0.5 CYCLE = 25000
12.0
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Fig. 73 Comparison between computed and measured wall static pressure
distributions for N = 0.5 (case AFS5).
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CASE AFS6 - NONREACTING CASE, phi 1.0 CYCLE = 25000
6.0

STATION 2
--------------------- -------------STATION 3

- RUN 59
-- --- "O RUN 46
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o o

00
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Fig. 74 Comparison between computed and measured stagnation temperature
profiles for 0' = 1 (case AFS6).
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CASE AFS36 - NONRFACTING CASE, phi = 1 .0 CYCLE = 25000
6.0
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- --------- STATION 3
l-'--'----J RUN 59

O----~-O RUN 46
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- o -/
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Fig. 75 Comparison between computed and measured pitot pressure profiles
for 0 - 1 (case AFS6).
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CASE AFSE - NONREACTiNG CASE, phi = 1 CYCLE = 25000
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Fig. 76 Comparison between computed and measured wall static pressure
distributions for N = 1 (case AFS6).
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CASE AFS6R2 - k-EPSILON MODEL CYCLE = 84000
RADIAL GRIDLINE PLOT Y VS Tt, A
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.-- -- - "RUN 46
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Fig. 77 Comparison between computed and measured stagnation temperature
profiles for 2' = 1 (case AFS6R2).
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CASE AFS6R3 - BALDWIN-LOMAX MODEL, CYCLE = 190000
NOSLIP WALLS
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Fig. 78 Comparison between computed and measured stagnation temperature
profiles for 0' = 1 (case AFS6R3).
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CASE AFS5 - NONREACTING CASE, phi = 0.5 CYCLE = 25000
6.0

STATION 3
S~RUN 96
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13..,3
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0. -
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0 o
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Fig. 79 Comparison between computed and CARS measured static tempera-
ture at Station 3 during non-reacting test at an equivalence ratio of
0.5. Free shear-layer.
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CASE AFS5 - NONREACTING CASE, phi 0.5 CYCLE = 25000
6.0

STATION 3
D-O RUN 96
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0 0]
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0m
__________________.

0 0.4 0.8 1.2
H2

Fig. 80 Comparison between computed and measured hydrogen mass frac-
tions at Station 3 during non-reacting test at an equivalence ratio of
0.5. Free shear-layer.
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CASE AFS5 - NONREACTING CASE, phi 0.5 CYCLE = 25000
6.0

STATION 3
•-------O RUN 96
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0
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0 H 2 0 lL__
0 0.04 0.08 0.12
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Fig. 81 Comparison between computed and measured water-vapor mass
fractions at Station 3 during non-reacting test at an equivalence ratio
of 0.5. Free shear-layer.

139



CASE AFS7 CYCLE = 1250126.0
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Fig. 82 Cemparlson between computed and measured stagnation temperature
profiles for 9' = 1 (case AFS7).
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CASE AFS7 CYCLE = 125012
6.0
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- SRUN 112
0-----O RUN 124
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2.0 - --
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Fig. 83 Comparison between computed and measured pitot pressure proflies
for fi' = 1 (case AFS7).
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CASE AFS8 - WEDGE CASE, REACTING FLOW CYCLE = 160008
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STATION 3

O--0- RUN 121
Q-----'- RUN 126
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Fig. 84 Comparison between computed and measured stagnation temperature
p ofiles for 8 - 1 (case AFS8).
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CASE AFS8R1 - WEDGE CASE, REACTING
FLOW, CYCLE = 145002
IGDLAY = 1
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STATION 2

- - - - - - --STATION 3
- SRUN 121

O----C) RUN 126

4.0

2.0

0 
2 00 0 

4 0 0 0 
600 0

0

Tt, R

Fig. 85 Comparison between computed and measured stagnation temperature
profiles for 0 - 1 (case AFS8R1).
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Fig 87 Flow deflection due to combustion (Ref. 51).
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Fig. 88 Geometry for calculation In Ref. 51.
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APPENDIX A
EXPERIMENTAL CONSIDERATIONS

During the course of an experimental investigation, unforeseen difficulties and challenges
generally become apparent and require additional effort to enable the program objectives to be met.
Most often, these problems, which may require no more than a change lin procedure to yield a solution,
are not discussed and subsequent investigators must confront the same difficulties. The following
problems were faced during the current "nvestigation:

* The need to purge the lines conne.ting the high-speed digital pressure scanrers
to the test section pressure taps became apparent ear.'y in the experimental effort.

Condensed water vapor accumulated in these taps subsequent to the completion
of each test. Similar accumulations had been observed to occur during subsonic
combustion testing conducted ait the UTRC using uncooled test apparatus. This
phenomenon is believed to occur commonly, and may be exacerbated through the
use of water-cooled hardware. Without removal of this condensate, the wall static
pressures would not have been accurately measured. A regulated nitrogen purge
system thus was installed to enable purging of these lines between the 16-port
scanners and the test section prior to each test.

* During initial hydrogen mixing tests, performed without ejector opeiation, a deto-

nation occurred in the exhaust dt;ct. 1b avoid a recurrence of this event, a ser-es
of six hydrogen-air torches was installed at points in the exhaust duct where it

was believed unburned hydrogen would accumulate. The torches were p atterned
after those designed foy Repas (Ref. A-i). Torch operation is initiated prior to he
start of either a mixing or combustion test and is ceased immediately after the
test has been completed. Subsequent to their installation, no further detonations
were encountered during either mixing or combustion tests.

* As a consequence of the extensive use of copper in the water-cooled heater-to-
nozzle transition and sulcrsonic nozzle of the test apparatus, under extrem,., heat-
er exit tempera, ure (.onditions substantial depositioa of foreign material on the
CARS windows occurre, . Analysis of the deposited material revealed that the
major constituents were copper and nickel oxides traceable to the copper and
stainless steel components. The deposits, which accumulated rapidly early in the
experimental effort, obscured the optical access and diminished the laser beam

intensity and signal strength. A new window mount, employivý a nitiogen-purged
cavity separating taie window from thh airflow was designed and fabricated under
a Corporate progrý.m.ThL window was used successfully for most of the mixing

and combastion tests.
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The redesigned CARS windows provided sufficient access for traversal of the
CARS beams and provided for the axial growth of the test section without inter-
ference by the window mount. The limited access did not however, permit a suffi-
ciently wide field for schlieren or shadowgraph observation of the flowfield.
Under a separate Corporate program, the copper components in the flowfield
were redesigned and were fabricated from stainless steel. Subsequent to the in-

stallation of these components, the rate at which metallic oxides were deposited
on the original windows decreased significantly, making possible the acquisition

of photographic records of flowfield features.

Although schlieren and shadowgraph records of features of the flowfield were

acquired during tests at total temperatures of approximately 2000 R, greater total
temperatures resulted in more rapid heating of the windows with commensurate
distortion of the glass. This distortion, with the resultant image degradation, oc-
curred after protracted exposure at the lower temperatures also, but sufficient
time was available to acquire images under this less severe condition. To elimi-

nate the distortion at the higher temperatures, more effective purging of the win-
dows may be attempted although this approach may induce unacceptable
perturbations of the flowfield. An alternative approach may be to use a window
"sandwich" in which a thin window adjacent to the flow is actively cooled by a
gas flowing between it and a more robust outer window.

* Although the DSO probe was designed to survive the test conditions imposed

during this experimental effort, some deflection of the probe shaft in response to
the aerodynamic loading imposed was observed. To enhance the structural integ-
rity of the probe, a trailing-edge rib was added during the test effort, which re-
duued the osusrved defiections.

* Accurate multi-species measurements were difficult to make using an experimen-

tal CARS technique applied to a complex and challenging combustion experi-
ment. The CARS diagnostic method is appropriate in this application but
refinement to further isolate separate effects of combustion and diagnostic diffi-

culties is needed.
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APPENDIX B
CARS I ATA ACQUISITION AND ANALYSIS

This text was excerpted from the following reference: Anderson, T J., and A. C. Eckbreth:

Simultaneous Measurement of Temperature and H2, H20 Concentrations in Hydrogen-Fueled
Supersonic Combustion, AIAA Paper 90--0158,28th Aerospace Sciences Meeting, January 8-11, 1990,
Reno, NV

Description of the CARS Apparatus-For the measurements described here, a mobile CARS
system was employed which was designed for CARS measurements in the harsh environments typical
of large-scale combustor test facilities. The system consists of three major subsystems; a transmitter, a
receiver and an insti iment and control subsystem and is fully described in Ref. B-1.

The transmitter and receiver were located in the test cell and surrounded the combustor as shown
in Fig. 7. The transmitter contains a fTequency-doubled Nd:YAG laser, dye lasers and the optics
necessary to generate the properly phase-matched beams and direct them toward the combustor. The
laser pulses at a 20 Hz rate, generating a set of CARS spectra with each laser shot. The pulse length is
approximately 10 ns, effectively freezing the flow during a measurement.

Low N, concentrations in the supcrsonic con-bustor necessitated a modification to the

transmitter to improve the CARS signal strength. Because of the low combustor pressure and vitiated
air supply, the maximum partial pressure of N2 in the mainstream flow does not exceed 28 kPa
(compared to 80 kPa in a standard atmosphere). At the higher mainstream total temperature
conditions, the N2 pressure may be as low as 20 kPa. To improve signal strength under these conditions,
a Nd:YAG amplifier system was installed to approximately double the laser energy available,
providing two synchronized 532 nm beams each with pulse energies of approximately 230 mJ.

The receiver, located on the opposite side of the combustor from the transmitter, accepts the

laser beams along with the copropagating CARS signals generated in the combustor. The CARS
signals are separated from the laser beams and are directed onto a 50 micron diameter optical fitxr for
transmission to the control room. Both the transmitter and receiver are mounted on rails so that they
can be manually moved between runs to any of the combustor window locations.

A bridge structure connects the transmitter and receiver and contains the optics to transmit and

focus the laser beams into the combustor, recollimate the CARS and laser beams as they exit the
combustor and direct them into the receiver. 300 mm focal length field lenses were used which
produced a roughly cylindrical measurement volume approximalely 0.15 mm in diameter and 3-4 mm
long along the beam axis. Thus, the well-resolved dimension of the measurement volume is aligned
transverse to the vertical direction in which large temperature and concentration gradients can occur.

The optics in the bridge structure are mounted on a translator system allowing the CARS
measurement point to be moved vertically within the combustor without moving the transmitter or
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receiver. Driven by a stepper motor system, this operation is accomplished remotely and

automatically, providing precise adjustments to pre-chosen measurement points during a run.

The fiber optic carries the CARS signals to the instrument and control subsystem which may be

located up to 100 m away from the transmitter. The signals are dispersed in a unique homebuilt

spectrometer capable of imaging three disparate spectral regions with good spectral resolution

(approximately 2 cm-1) onto adjacent sections of an OMD as shown in Fig.B-1. This device can greatly

simplify the acquisition process by requiring only one detector to obtain all of the dispersed spectra. It

has been specifically designed for use with dual broadband CARS to image three spectral regions of

CARS signals, generated from several species involved in hydrocarbon/air combustion.

CARS Data Acquisition- -CARS measurements of three species provide considerable

information about H2-air combustion. Because N2 is abundant in air-fed combustion and its CARS

spectrum is well understood, it is a good source from which to obtain temperature. H 2 and H20 are

also important since they provide indications of mixing and combustion effectiveness in the H2-air

combustion system. The extent of midng can be determined by monitoring the H2 concentration in the

mainstream air flow and measuring the resulting change in temperature. Combustion will be apparent

from a temperature rise and an increase in the H20 mole fraction.

The dual pump-Stokes technique previously proposed for H2-air combustion processes (Ref.

B-2) makes use of a spectrally narrowed dye beam positioned at a Stokes shift of 1246 cm-i to monitor

the H2-S(4) rotational transition. A relatively weak transition, its population increases as temperature
rises above ambient conditions reducing the signal loss resulting from the decreased concentration

within the measurement volume. A broadband dye laser, generating CARS from H20 at 365'7 cm-1,

would wave mix to produce a three-color process in the region of N2 (2331 cm-1) and would reproduce

the H20 spectrum at an adjacent location (2411 cm-1). With this technique, temperature can be

monitored from the N2 spectral shape and the concentrations of the fuel and major combustion

product can be determined.

While the dual pump-Stokes CARS technique initially seemed appropriate for these

measurements, certain limitations that are critical to supersonic corn )ustion prevented its

application. In an open H2-air diffusion flame, the H2-S(4) signal is easily detectable at temperatures

above 300 K at 101 kPa. In the combustor described, the static temperature of the fuel is reduced to 250

K by the sonic injection mad the pressure is only about 40 kPa. These conditions combined to make the

H2 signal veiy difficult to detect. The low pressure also prevented single shot N2 spectra from being

acquired.

An alternative approach, good for H2 even at low temperatures, was developed based on some

experience with DCM dye in dimethyl suifoxide (DMSO). This dye minxture,used to generate a Stokes

beam for H20 CARS, is centered at approximately 3600 cm-1, 53 cm-1 from the H20 bandhead, with

an unusually broad spectral width of about 350 cm-1 FWHH. In attempting to shift this mixture to
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observe the H2 Q-branch at 4161 cm-1, it was discovered that, as positioned, the wing of the dye laser
spectrum was powerful enough to generate a sufficient CARS signal from the H12 Q-branch so that it
could be observed at all anticipated conditions within the combustor. Signal levels for the H2

Q-branch were approximately an order of magnitude greater than those acquired from the H2-S(4)
transition using the dual pump-Stokes technique in a 1 atm H2 diffusion flame. In addition N2 CARS

could be generated directly from a. two-color process, increasing the signal level so that single shot

spectra could be acquired. Laser pulse energies which provided these capabilities were 200 mnJ, 45 mJ

and 55 nW in the pump, H 2/H20 and N2 Stokes beams, respectively.

With this information, the CARS strategy in Fig.B-2 was developed. It utilized the dual Stokes

approach with one broadband Stokes laser to generate N2 CARS and one to produce CARS from both
H20 and the H2 Q-branch. Specific characteristics of the approach for each species are described

below.

N2 CARS Data Analysis-For the N2 Q-branch CARS signal, a broadband Stokes beam.,
centered at approximately 607 nm, was generated from a frequency doubled Nd:YAG-pumped dye

laser using Rhodamine 640 dye in methanol. The spectrum of the N2 CARS signal was dispersed in the

spectrometer and temperature was determined by regression-fitting each spectrum to a library of
calcul,,atedv.... s ,,,,,c,-'Te a ra•age. of tienperatures(Refs. B-3 through B-5). As a result, a

temperature histogram was assembled for CARS signals acquired from a series of laser shots at a
given measurement location. Under isothermal conditions at 300 K, the histogram forms a normal

distribution and has a demonstrated standard deviation of about 50 K due to shot-to-shot
fluctuations in the Stokes beam spectrum. In tube furnace calibrations up to 1800 K, the histogram

width remains nearly constant. It can be expected to remain constant or even decrease at higher
temperatures since, as the spectrum broadens, its overall shape and, thus the regression fit, depend
less on Stokes fluctuations in small regions of the spectrum. In a turbulent combustor, however, real
te.mrPratire euctuations - .-kn.... ..

-e .n...... Iflzt1caitLy to ulHe wiUtLI of the distribution. in these
measurements, an average measured temperature was deternined along with a standard deviation.
This cajn be used in direct comparison with CFD results which use a Navier-Stokes analysis with

turbulent modeling to determine mean temperatures.

N2 mole fraction was also derived during the regression fit. It has a large effect on tihe N2 CARS

spectral shape and, therefore, must be left as a variable in the analysis. The fitting procedure effectively

compares the N2 resonant CARS signal with the nonresonant contributions of all of the gases in the
measurement vdjume. Since the intensity of the resonant signal is much stronger than that of the
nonresonant signal at N2 mole fractions of approximately 20% or greater, the concentration

measurement accuracy suffers at these higher concentrations. None the less, concentration
measurements can be made at the points of most interest, i.e., in the shear layer region where the N2

mole fraction is reduced by H2 mixing and the resonant and nonresonant signals are comparable.
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The uncertainty in the non-N 2 make-up of the mixture is an additional source of error in
determining the N2 mole fraction. Because the H20 nonresonant susceptibility is approximately twice

that of the other major constituents, the H20 relative concentration must be known in order to
accurately determine the N2 mole fraction. For the purposes of the N2 CARS analysis, a H 20 mole
fraction was assumed for the main flow based on heater stoichiometry. As H2 mixed with the

mainstream flow, it was assumed that the N2, 02 and H20 mole fractions were reduced uniformly. Of

course, this procedure ignores effects such as combustion and condensation on the relative H20
concentration. Test analyses were run, however, in which the mixture of nonresonant gases was varied
over the anticipated range in the combustor in a regression analysis applied to a N2 data spectrum.

Virtually no variation in temperature was observed for spectra in which N2 was highly concentrated
(greater than approximately 20% mole fraction). For lower concentration levels, the temperature

varied by no more than 2% so mixture errors were ignored for the purposes of temperature

measurements. Pressure also affects the spectral shape and, therefore, must be accounted for. In this
case it was measured from the wall pressure taps and remained relatively constant under all

conditions. This along with our experience with the acquisition and analysis of N2 CARS spectra led to
the conclusion that N2 temperature was the most accurate CARS measurement made with this

strategy.

H-fl "" , , i the spectr-omneter aid 1 ih i¢ativ-

concentration measurements were made using a simplified fitting technique. A calculated library of

H20 spectra was developed for a range of temperatures and relative concentrations. An area ratio of a
portion of the nonresonant spectrum to the H20 bandhead was made for each spectrum in the library

and a three dimensional array of this ratio verses temperature and mole fraction was produced.
During the analysis, the array was entered with the measured temperature and the ratio calculated

from the sample spectrum to obtain the H20 mole fraction.

The synthesis and analysis of H2O CARS spectra are much more complex than for the diatoms

we are studying. The model used to generate the library spectra for these experiments assumed a

constant Raman linewidth which may introduce some error, but produces spectra which generally
agree with observations, especially near the bandhead region(Ref. B-6). As a result, in generating the

ratio of resonant to nonresonant signal intensity, we confined ourselves to regions within 20 cm-1 of
the bandhead. The make-up of the nonresonant gases was not a factor in the analysis since all of the

other major species (N2, 02 and H2) have nonresonant susceptibilities which are equal to within a few
percent (10.2x10-18 for N2 and 9.82x10-18 for 02 and H2 at 298 K).

H2 CARS Data Analysis-The three-color spectrometer of the mobile CARS system, designed

with dual broadband CARS in mind, could not be quickly reconfigured to simultaneously disperse the
H2 Q-branch spectrum with H20 and N2. As a result, the integrated spectral intensity of this signal
was acquired on a photomultiplier tube. It would be preferable to record the dispersed spectrum,
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however, both to simplify the acquisition system and to provide an alternative temperature
measurement source using a regression analysis for spectral fit. This will be done in future studies.

Concentration can be determined from the integrated signal intensity but the exact form of the
relationship depends on the gas and it environment. As shown in Ref.B-7, the intensity of a CARS
signal, 13, generated by a single isolated Ranian transition is

I3 = K, 1 1 12 N2 Q2 (vJ) 1h12  (B-l)

where KI is a constant of proportionality, 11 and 12 are the pump and Stokes intensities, respectively, _

is the population probability density for the given transition, N is the constituent number density and h
is the line shape function. The latter complicates matters because it may vary with the transition being
monitored and can be a function of pressure, mixture composition and temperature. The effect of
pressure on the line shape function is dependent on the pressure regime in which the measurement is
made. For these experiments, with pressures at or below 41 kPa, we are operating in the
Doppler-broadened regime(Ref.B-8) where the linewidth remains nearly constant with respect to
pressure. For H2, the Doppler linewidth is the same for all transitions to within about 5% (Ref RB). An

analysis by Muller-Dethlefs, et al.(Ref.B-7) indicates that the temperature dependence of the
linewidth function integral is T-1/2 and, with our previous assumptions, the spectrally-integrated
power for a single transition is

Pa = K2 11' 12 N2 02 (V.J)T-1 /Z (B-2)

foI 12 at conditions in the supersonic combustor. (K2 is another proportionality constant).

Summing over all of the v = 0 Q-brznch transitions gives a total signal intensity of

Sa PP = K2 If 12 N2f(T) (B-3)
J

where f(T) -T-2 V5 2(v.J) is temperature dependent and its value can be calculated from
I

Boltzmann statistics.

Shot-to-shot fluctuations in the Stokes beam spectrum were significant enough to be considered
and a single shot referencing technique was incorporated to eliminate their effect on the single shot
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CARS signal intensity. This was accomplished with the installation of a reference cell filled with H2 in
the receiver subsystem. Once the CARS signals from the sample volume were separated from the laser
beams, the residual pump and Stokes beams were focused into this cell to generate the reference
CARS signal in H2 at constant conditions. Fluctuations in this signal reflected fluctuations in the H2
sam)le signal due to noise in the Stokes spectrum. The spectrally integrated reference intensity
measured with a second PMT was recorded with each laser shot and used to eliminate errors in the
sample signal intensity due to Stokes noise. The reference signal intensity is of the same form as the

sample measurement

r K2 I~r 12r N2 (B-A)

except that the laser beam intensities, Ilr and 12r, are some fraction of the intensities in the combustor

due to window transmittance and filter losses in the receiver. Note that f(T) has been included in the
constant, . However, assuming the losses are constant, we eliminate the influence of the Stokes beam
intensity by ratioing the two signal intensities

Sa' c- N2 f(T) (B-5)
Sr

where cr is a lumped constant.

Since the reference cell was maintained at room temperature, the CARS signal generated therein

primarily reflected fluctuations in the portion of the Stokes spectrum producing the Q-branch v = 0,
J = I CARS signal. This introduced some error when H2 in the measurement volume was at a higher
temperature and transitions, J > 1, contributed significantly to the CARS signal. An exact correction
could lx applied only by adjusting the reference temperature to match that of the measurement
volume or by recording the single shot dispersed nonresonant spectrum. Since it would be difficult to

implement either option from a practical standpoint, a heated reference cell would offer a reasonable
compromise by accounting for Stokes fluctuations affecting CARS signals from the higher rotational

states, though not necessarily with the proper weighting. Such a technique deserves further
consideration for future measurement programs.

Signal intensity will be affected by the Q-branch v = 0 population, as well, and, since this varies
with temperature, it must be considered. However, as can be seen from Fig. B--3, for temperatures
below about 1000 K, the v = 0 population varies by no more than 4%. As a result, this factor was
ignored at the lower temperatures studied here.
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Since the other species concentrations are measured in mole fractions, H2 concentrations must
be converted to a similar form. A calibration was established on each run by using the measurements
acquired at the point deepest in the H2 flow. At that point the N2 mole fraction was small and,
therefore, assumed to be the most accurate. Using that value and assuming that the non-H 2

constituents remain in an approximately constant ratio (based on the heater stoichiometry), a method
for calculating mole fraction was determined. Signal intensity is related to the concentration by

Sa = cr N,1 f(T) (B-6)

where c is a constant and NH represents H2 density. Assuming an ideal gas, r this becomes

= ~(PH)2sa = Cr (LHY f(T) (B-7)

where PH is the partial pressure of H 2, k is Boltzmann's constant and T is the local static temperature.

'K2 mJ'e '_aciiOnl in terms of iocai static pressure, Ps, can be expressed as

=PH kTXH-, P f -B

and ratioing to conditions at the calibration point, designated by []H, results in

xH [ SXjH T (B-9)

Sample Results-In order to produce spatial profiles with sufficient resolution, an upper limit

was required on the separation of the measurement points and a minimum number of points was
required to define the curves. However, a minimum number of laser shots at each point was needed in

order to overcome the errors introduced by shot-to-shot noise in the Stokes spectral profile and to
account for turbulent fluctuations in the sample volume. Because of the limited run time, a
compromise was reached in which approximately 120 shots were acquired at each of six to twelve
measurement locations. These were concentrated around the mainstream-H2 shear layer since it was
the area of most interest. Spacing was 2.5 to 5.0 mm between adjacent points.
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Figure B-4 is a sample of the averaged N2 and H20 spectra acquired for one run at two of the

measurement locations in the translation across the combustor. One can clearly note the decreased

temperature at the upper locations (deeper in the H2 flow) as represented by narrowing of both the N2

and H 20 spectral peaks. Also, the decreasing mole fraction of each of these species is indicated by the

increased level of the nonresonant signal surrounding the resonant peaks. Finally, the presence of large

amounts of H2 is indicated by the H2-0(5) transition in the tail of the H20 spectrum.

Sample profiles for one run are shown in Fig. B-5. We can observe the decrease in temperature

and mainstream constituent concentration as the measurement point moves upward into the H 2.

Fluctuations in the N2 and H20 concentrations at the low heights are due to the measurement

accuracy at the high concentration ievels on the mainstream side of the shear layer. A small amount of

combustion appears to have occurred resulting in a slight temperature rise in the H12-air shear region.

The measured decrease in H2 mole fraction at the upper point (deepest in the H2) is the result of an

error in the temperature measurement introduced by the extremely low N2 concentration at this point.

A shot by shot study indicates that. temperature becomes conditionally sampled at this location

because it is accurately measured only when sufficient N2 is available. This occurs only in laser shots in

which the measurement point coincides with a location in the turbulent flow where significant amounts

of the hot mainstream flow have mixed with the H2. Below this point in the flow, sufficient N2 is

available on all shots to make accurate temperature measurements.

Data such as that described above have been acquired and are being used in the refinement of

two-dimensional computational fluid dynamics (CFD) codes. A sample CFD result is compared to

the CARS data in Fig. B-6. While the CARS data are concentrated around the shear and combustion

layer regions, the CFD analysis is completed for the entire flow system. It is clear that, while the general

trend of the data agrees, the CFD code predicts combustion while very little appears to have actually

occurred. Note that mole fractions have been converted to mass fraction for the purpose of this

analysis.
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APPENDIX C

CALCULATION OF STAGNATION TEMPERATURES USING THE
DSO PROBE TECHNIQUE

The Dual Sonic Orifice (DSO) probe enabl-.s the calculation of stagnation temperatures at the
probe tip which are above the range of available thermocouples. The probe contains two orifices, one

of which is located at the probe tip, (see Fig. 5). By aspirating flow through the probe and choking the
two orifices, an expression may be derived from the continuity equation which relates the stagnation
temperature at the probe tip to the measured stagnation temperature and pressure at the downstream
orifice and the measured pressure at the tip orifice. This derivation shown below uses the
nomenclature presented in Fig. 5. Note that the subscripts refer to the upstream and downsftream
orifices within the probe and should not be misinterpreted as relating to the different measuring
stations in the test section. For choked-flow conditions, the weight flow through an orifice may be

written,

1 PTAW = C.- /Y84 t_-___I' PT e"
-'V R kV+ 11 iTTT

Equation 1 can be simplified by use of a mass flow function, f- *, as defined below

y _ __ 2 (C-2)
R y+ 1)

and may be written in simplified form as

WTA (C-3)

Then, since W1 must equal W2 ,

CD, * I CD2 == PTA2(

"c-"



Rearrangement of Eq. (4) yields a convenient expression for the evaluation of TT, from measurable

quantities

)C2 2A 2 P 2/
TT~ ~ ~ I TT2 (C-5)

Since those terms in Eq. (5) containing the discharge coefficient (CD), the mass flow function (f*)

and the throat area (A) are usually not known very accurately, the DSO data can be reduced by
grouping those terms into a probe coefficient as follows:

K- (= I) (_)2 )2 (C-6)
C32  * A2

and a simplified form of Eq. (5) can therefoic be written, as show below,

TT K i T-TT2 (C-7)
\PT2/

Calibration of the probe caa then be achieved by recording data with the probe in a stream of known

stagnation .einperaturi. (TT) and using a rearranged form of Eq. (7) to define a value of the probe

coefficient,

KCA (C-8)T2
!T --AL PT21 ) (C-8)

Note that such a calibration yields an accurate evaluation of the combination of tenns in Eq. (6), but
the value of K so obtained is only valid at the calibration test conditions, since. the terms

(CD,/CD2) Ii(i * /i*/ 2 *) and (A2/Aj) are somewhat dependent upon TT, and PT,- These

dependencies can, however, be described analytica!ly and can be incorporated into the treatment of

the DSO data by suitable adjustment of the probe coefficient, KCAL. This is done by representing the
generalized probe cbcfficient, K,; s the product of the experimental value obtained during the probe

calibration, K4AL, and a series of terms. Kcl,, K4, an.d KA, that represent the analytical dependencies
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of the respective terms, (CD3/CD) , (mWl * /f 2 •), and (A2/A1 ) on the conditions in the mainstream

flow, as shown below:

K = (KCAL) (KCO) (Km---) (KA) (C-9)

where

K (CDI/CD2)2  (C-10)
(CD 1/CDJAL

(iii */fff2 *) 2  (C-11)

(W1* /Ir2 )AL

and

KA (A 1/A 2)2  (C-12)
(A 1/A~kA

in Eq. (12), the "CAL" subscripts are used to denote those values of the various parameters that
exist under the conditions of the calibration test, Since, the correction factors shown in Eqs. (10),(11),
and (12) are each presented as ratios, t is not as important for the analysis to predict an accurate
absolute value of each term (for example, CD1 ) as it is to predict the correct functional relationship of
that term with the parameters that are different during calibration and testing. Descriptions of the
analyses employed for the evaluation of the terms, KcD, - , and KA are presented below.

71 1 discharge coefficient correction term, Kc., listed as Eq. (10) must be included in the
treatment of the DSO probe data because of the dependence of the discharge coefficient foi
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compressible flow through an orifice on the Reynolds number at the throat, which can be expressed in
empirical form (see Ref. C-1) as

CD = 1 6.5 (C-13)
-R e*

Evaluation of the term Kc. for the DSO data therefore only requires that the Reynolds number be

evaluated at each DSO orifice for both the test data and the calibration data. By assuming ideal gas
conditions and an isentropic expansion from the stagnation conditions, the magnitude of the Reynolds
number can be approximated solely in terms of the total pressure and the total temperature at a given

orifice as shown below:

Re * -- 2 g-, PTD * 1 (C-14)
R+1) R - a

Note that in calculating values of the Reynolds number using Eq. (14), it must be observed that the

ad L , , CAA .L (are asodepnde t Iupo t totj^.a.kEL U reII 611%I.IAHoAevJeIUrI e pf LIS%.; tepeatu r

and p. are also dependent upon the total temperature. However, except for the temperature
dependency of viscosity, these property variations have only a small effect on the Reynolds number,
and they may, therefore, be considered as second-order corrections and may safely be neglected in the
calculation. Since the viscosity term is a rather strong function of temperature, it must be included as a
variable in the calculation procedure. However, by neglecting the influence of changes in species on p.

(which are second order effects), the viscosity may be represented by •Ae function shown below which
is valid for air up to temperatures of approximately 3500 R (Ref. C-2).

T/ = 2.27 T xftrlbfsec (C-15)
T + 19g.6 ft2
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The mass flow function correction term, Kffi- , is requirco to account for different values of y that

exist during a given test in relation to the values that existed during the probe calibration. By

combining Eqs. (11) and (12) term Ka. may be written as,

VI46 G+11 "

Kf 0 1_ (C1+16)

V2-,2 2,V+1

Since no reactions occur within the DSO probe (the expansion after the upstream orifice quenches the
flow), .Ab, must be equal to .A 2 at all times for a given test, and the molecular weight terms may be

eliminated from Eq. (16). However, in order to evaluate K., the composition of the sampled gases

must be known since the specific heat ratio is a function oi both composition and temperature. Thus,
even though the dov, nstream DSO probe orifice is always maintained at the same temperature
(approximately 660 R), 12 is not generally equal to v-)- because the sannpled s•_rnpie in a hen tact

can be quite different from those of the calibration tests. A theoretical variation of I with temperature
and composition was determined by compiling the results of thermochemical calculations which
assumed 100 percent combustion efficiency of various vitiated air-propane mixures. The resulting

functional relationship between -y, TT and TT0 (the temperature of the vitiated air) was then employed

to evaluate Kn-. for a given set of test and calibration conditions.

The throat area correction term, KA, is required to account for the thermal expansion of the DSO
nrobe tin orifice that nrciurs when the nrn6p ,s evid to ,,. r .n:r-nm- e. Since -

downstream orifice of the DSO probe is always maintained at the same temperature during both
testing and calibration, the expression of KA given in Eq. (12) may be simplified to,

A1 = (C-17)
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An expression for A1 in terms of the temperature of the metal at the probe tip, Tm, assuming a constant
value of the linear coefficient of thermal expansion, oi, may be written as shown below:

A 1 = AREF[I + a (Tm -TrREF)]
2  (C-18)

In order to utilize Eq. (18), the metal temperature, Tm, must be known as a function of TT, ; for data

reduction purposes the functional relationship of Tm and TT may be determined by fundamental heat
transfer analysis using estimated heat transfer coefficients. However, for the probe configuration
shown in Fig. 5, the throat region was cooled to a sufficient degree such that the correction constant,
KA, was assumed to be 1.0 for all conditions.

It should be noted here that since the calculations of Kc., Kfn- and KA all require the knowledge

of TT, , those terms were evaluated by an iterative technique which involved the initial use of values of

TT, based on an uncorrected probe coefficient, K. It should also be emphasized that the maximum

correction to the value of the DSO probe coefficient measured during calibration tests was
approximately six percent. 'Iherefore, the use of the approximations discussed above in the
calculations of KC., Km. and KA could be justified and the use of such corrections would not be

expected to detract seriously from the accuracy of the DSO technique for temperature measurements.
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CALIBRATION OF THE DSO PROBE

The water-cooled DSO probe used for the data acquisition was calibrated in situ on the

geometric centerline of the supersonic combustion test section. An uncooled Type K (chromel-aluinel)
sheathed thermocouple was used as a reference thermocouple for these tests. The reference
thermocouple was fixed immediately adjacent to, i.e., approximately 1/8- inch laterally from, the

sensing tip of the DSO probe. The tests were conducted in essentially the same manner as the mixing

and combustion tests were conducted. That is, the test gas was delivered to the test section through the
supersonic Mach 3 nozzle. Since the reference thermocouple was mounted directly on the DSO probe,
the vitiated-air heater total pressure was limited to approximately 100 psia during the calibration to

avoid dislodging of the reference thermocouple. The vitiated-air heater total temperature was varied
during these tests from approximately 1500 R to approximately 2600 R. The upper limit was set by the
capability of the Type K reference thermocouple. The test data were compared and correlated with the
calculated heater exit and test section entrance total temperatures, accounting for the heat transfer to

the supersonic nozzle, the nozzle entrance transition, and the test section entrance duct upstream of
the thermocouple and probe location at Measuring Station 1 in Fig.1.

The results of these calibration tests showed that the total temperature recorded using the

sheathed thermocouple situated at the geometric center of the test section entrance corresponded
closely to the .alculated test section entrance bulk gas temperature. The temperatures measured using
the thermocouple were corrected for radiation according to the procedure set forth in Reference C-3.

The temperature recovery factor, Rr was estimated as a function of Prandtl number, Pr for turbulent

boundary layers according to the following relationship (Ref. C-4):

RT = (Pr)l/ 3  (C-19)

The adiabatic surface temperature of the thermocouple, Tas is related to the recovery factor, the test

section entrance Mach number, M2, and static temperature, T2, in the following manner (Ref. C-4):

C-72 ia 1 (C-20)
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The recovery correction factor was calculated according to Ref. C-3 using the relationship,

A = (TT - Tas)/T-2 (C-21)

The corrected gas temperature was then determined using the following expression, also from Ref.

C-3:

lrC = Ta1 i + I rad (T )-.18[( _ + TTiA (C-22)

In this relationship, TTi is the indicated junction temperature, K*rad is a radiation coirection, and T D
is the duct wall temperature. The value of K*rad used in this procedure was 3.6, the suggested value

from Ref. C-3 for a bare junction in crossflow.

The calibration data relating the calculated test section entrance temperature, TTralc with the

correc.e tet , eto ... n...........�traceeme r, i-ic .... u... WIth, the T.Vp K, (droi -diume.. )

thermocouple are shown in Fig. C-1. The relationship between these two parameters appears to be

linear over the temperature range investigated and the measured centerline temperatures are nearly

equal to the calculated values.

The data relating the DSO probe temperatures, TDSO and the thermocouple temperatures,

TTTC are shown in Fig. C-2. Over the range examined, these parameters also appear to be linearly

related. A regression analysis of the data yielded the following relationship between these parameters:

TM = 1.7991 TDSO - 400.4136 (C-23)

These data thus provided a re 'ible calibration of the DSO probe under flow conditions similar

to those used for the mixing and coii. ustion experiment. Based on these results, a probe constant, K. -

0.0281 was derived and used in reducing all of the total temperature data.
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APPENDIX D
PLOTS OF EXPERIMENTAL DATA

The experimentally obtained test-section data, in the form of plots of profiles of the measured
parameters, are included in this appendix. Sections D-1 through D-6 contain plots of the profiles of
total temperature, pitoL pressure, static temperature, and nitrogen, hydrogen, and water vapor mole
fractions, respectively, relative to the distance of ,ither the DSO probe tip or the CARS measuring
volume from thz lower wall of the test section. Section D-7 contains plots of the test section upper and
lower wall static pressures measured in the vertical plane of symmetry of the test section. The locations
of pressure taps in the test section walls are shown in the drawing displayed as Fig. D-1.

Preceding Sections D-1 through D-6 is a Table D-1 which is a tabulation of the data acquired
using the CARS apparatus. Provided in this table is a listing as a function of distance above the lower
test section surface of the static temperatures and species molar and mass fractions. The entry
headings contain the run number, R(._, the Measuring Station at which the data were acquired, and

the nominal equivaler.ce ratio and total temperature.
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TABLE D-I
CARS DATA TABULATION

R944 (STA. 1. PHI -0. ri' - 30" R)

HEIGHT TEIP MOL. FRAC. CALC. MASS FRAC.(IN. FM LWR WALL) (R.D.) 12 12 1420 N2 42 1420

0.46 1322(213) - @ . . . .6.74 1265(198) -1 . . . .
1.66 1236(223) - e . . . .
1.42 1245(265) - e . . . .1.76 1262(239) - 6 . . . .2.16 1254(253) - 0 . . . .

2.44 13361234) - 0 . . . .
2.78 1252(190) - 0 . . . .3.12 487(72) - 0 . . . .

R942 (STA. 1. PHI -0. TT - 36W0R)

HEIGHT TEMP MUL. FRAC. CALC. MASS FRAC.
(IN. FM LWR WALL) (R) 142 H2 1420 N2 112 1420

0.66 - (S.D.) -
0.67 1491(244) - 6 . . . .1.29 1679(218) - 0 . . . .

1.90 1597(252) - 0 . . . .2.51 1606(252) - 0 . . . .3.13 450(181) - 0 . . . .

R154, (STA. 3, PHI - 0.5. TT - 3906 R)

HEIGHT TEWP MOL. FRAC. CALC. MASS FRAC.(IN. FM LWR WALL) (R)IS.D.) N2 12 "I20 N2 1H2 1420

2.22 1398219) 47 .66 - .51 .06 -2.42 1423(286) .47 .06 - .51 .00 -2.62 1433(284) .53 .W 0 - .59 .0 -

2.82 14 2(361) .41 .00 - .43 .66 -3.02 1284(332) .46 .14 - .50 .61 -3.22 1041 (283) .27 .44 - .49 .06 -

(STOICH. H20 ASSUMED)
[RUSS (SIrA. 3 I.p147 =, Y- t 3r_.l** )

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC,(IN . FM LPR WALL) (RISiD) N2 H2 1420 142 142 120
2.22 1460 2(S.9D.)5
2.42 1473357 .47 . - .51 .66 -2.62 1505(176) .46 .66 - .54 .66 -

2.82 1460(334ý .44 .00 - .47 .00 -3.02 1366(319) .44 .27 - .56 .02 -3.22 085s30) .26 .47 - .5U .68 -
(STOIC. H20 ASSUMED)

R657 (STA. 3. PHI - 05. TT - 1800 R)

HEIGHT Top DOL. FRAC. CALC. MASS FRPC.(IN. FM LUR WALL) (R) N2 f• H20 N2 1H2 1420
S.D.)2.22 42684 .63 . . . .2.42 45a(63 .61 . . . .2.62 455.99 .63

2.62 4 94 .48 .29 .3.02 4179 .28 .59 .
3.22 4ft 129) .16 .73 .
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TABLE D-I
CARS DATA TABULATION (continued)

RM58 (STA. 3. PHI - 0.5. TT ,, 1860 R

HEIGHT TEMP MOI.. FRAC. CAIC. MASS FRAC.
(IN. FM LW WALL) (t) N2 H2 H20 N2 1a M20(s.D.)

2.22 421(67) .67 .N6 . . . .
2.42 466(75) .67 .60 . . . .
2.62 477(95) .59 .62 . . . .

2,62 471(79) .56 .34 - . . .
3.62 296)28 .59 . ..
3.22 4,W-) A7 .74 -. . .

;R059 (STA. 3, PHI - 1.0, TT - 1860 R)

HEIGHT TIDP "•OL. FRAC. CALC. MASS FRAC.
(IN. FM LIR WALL) (R)S.D N2 K'2 1420 N2 M2 H20

2.22 376(42) . .60 -. .
2.42 3(.o .6 . t 'A
2.62 382(44) .5ý .65 -.. .

2.82 411(116) .rT .29 -. . .
3.62 440207) .2? .65 -. . .
3.22 4"(295) A1l .73 -. . .

R062 (STA. 2, PHI - 1 .0. TT - 30W0 R)

HEIGHT TEP MOL. FRAC. CAMC. MASS FRAC.
(IN. FM 1M WALL) (R)_ k2 H2 H20 N2 H2 420

2.36 1354(531) .68 .0 -. . .
2.56 1346(273) .67 .60 -. .. .
2.76 1320(276) .60 .1 . . . .

2.96 1192(282) .60 .31 -.. . .
3.16 929(590) .23 .58 -. . .
3.36 848(-) .21 .61 -. . .

R964 (STA. 2, PHI - 1.0. TT - 3990 R)

HEIGHT TEP MOL. FRAC. CALC. MASS FRAC.
(IN. -FM LWR WALL) (RS) 142 142 1"20 N2 142 1420

2.au w .u; .ww .. . .
2.50 1527(360 .55 .6 - - -

2.76 1618(418) .60 .02 . . . .

2.96 14W7(435) .49 .20 . . . .
3.16 1348(907) .25 .50 . . . .
3.38 100 (-) .24 .52 . . . .

R065 (STA. 2, PHI- 0.5. 3060 R)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.
(IN. FM LWR WALL) (RI)S..) N2 1H2 1420 N2 142 1H20

2.36 1540(362) .51 .6 . . . .
2.56 1483(26) .60 .60 . . . .
2.76 1395(332) .75 .00 . . . .

2.96 1381(329) .61 .06 . . . .
3.16 1180 624) .29 .47 .. . .
3.30 1624(-) .23 .56 . . . .
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TABLE D-1
CARS DATA TABULATION (continued)

RO66 (STA. 2. PHI ,, .5, TT - 39s R)

HEIGHT TbAP MOL. FRAC. CALC. MASS FRAC.
(IN. FM LWR WALL) (R) W42 142 1H20 142 1H2 H20

2.36 1424 448) .46 .6 -. . .
2,S6 1426(401) .55 .6 -. . . .
2.76 1319(432) .54 .15 -. . .

2.96 1327(500) .40 .41 -. . .
3.16 1234(1157) .23 .52 -. . .
3.36 85(-) .21 .56 -. . .

R@79 (STA. 2. PHI -0. TT- 398 R)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.
(IN. FM Lu WALL) (R) N2 H2 H20 M2 42 K20

2.36 159b(281) .37 0 - - - -

2.56 1592(237 .36 9 - - - -
2.60 1542(375) .35 6 - - - -

2.76 1562(368) .35 6 - - - -

2,80 1555(43") .36 S - - - -

2.96 1543(271) .39 0 - - - -

3.66 1048(396) .36 6 a.-.
3.16 1579(382) .38 a -.- .
3.26 1565(346) .34 0 -.- .

3.38 1319(239) .49 0 -.- .
(Pts. at 3.28. 3.06. 2.86. 2.56 in. taken on reverse transit at end of

run)

R074 (STA. 2. PPI, 1 I.e TT -•3968 R)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.
(IN. FM LWR WALL) (R S.D) 12 142 120 M2 H2 1H20

2.36 1515224) .49 .6f - .60 .6 -
2.56 1588(267) .5: .so - .61 .00 -
2.76 1535(210) .48 .66 - .59 .00 -

2.96 1491(239) .48 .26 - .70 .03 -
3.16 1049(292) .30 .65 - .79 .12 -
3.36 695(458) .17 .65 - .51 .14

(K42 FM RUN 72) (STOIC. 120 ASSUMED)

Re81 (STA. 2. PHI , 0.5. TT - 3966 R)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.
(IN. FU LWR WALL) (R) N2 H2 120 M2 142 1H20

(S.D.)
2.36 1728(212) .48 . .6 .31 .52 .6N .22
2.50 1772(232) .52 .66 .31 .57 .66 .22
2.70 1733(202) .48 .ft .54 .53 .60 .24

2.90 1596(321) .46 .32 .22 .63 .04 .22
3.16 1149(;262) .25 .78 .14 .63 .14 .23
3.36 675(521) .12 .75 .08 .43 .19 .18

R0M2 (STA. 2. PHI - 0.5, TT - 3966 R)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.
(IN. FU LPR WALL) (R) '42 142 1420 '42 H2 1420

(S.D.)
2.36 1740(224) .50 .el .38 .54 .66 .21
2.56 1647 199 .47 .66 .32 .51 .06 .22
2.76 1729(2"9) .50 .66 .31 .55 .66 .22

2.96 1660(243) .45 .25 .27 .67 .03 .26
3.1b 1121(253) .27 .68 .12 .68 .12 .19
3.36 882(431) .13 .73 .00 .44 .16 .19
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TABLE D--
CARS DATA TABULATION (continued)

Rf84 (STA. 2. PHI -I.G. TT - 39 6R)

HEIGHT TP MDOL. FRAC. CALC. MASS FRAC.(IN. FM LO WALL) (R)S.D 142 112 "20 12 142 1H20

2.36 1789(183) .55 .68 .27 .59 .68 .19
2.56 1705(216) .47 .68 .35 .52 .68 .25
2.76 1685(192) .45 .68 .31 .49 .08 .22

2.96 183(187) .44 .48 .29 .67 .05 .283.15 1217 240 .26 .83 .11 .50 .11 .14
3.36 53. .48 .06 .37 .24 .16

R Rev. 1/16/90R692 (STA. 3. PHI - 1.0)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.(IN. FM LWR WALL) (R) N2 H2 H20 N2 H2 H20(S.D.) S ee .2 .5 C 2
2.52 1747{8)

2.52174726 .50 .00 .32 .55 .6e .23
2.62 1816(224) .37 .60 .31 .40 .00 .21
2.72 1685(238) .10 .0e .39 .57 .00 .29

2.62 1593(285) .- .00 - - - -
2.92 .- .e6 .- - - -
3.02 1473(301) .- .27 .- - - -

3.12 1393(333) .36 .35 .27 .62 .04 .30
3.22 1168( 33) .18 .68 .17 .59 .16 .363.32 856(389) .09 .30 .01 .11 .03 .91

3.42 868(417) .13 .82 .64 .58 .26 .11
3.52 682(297) .16 .80 .02 .38 .22 .65

RMew3 (StA. 3. PHI 0.5)

HEIGHT TDEP MOL. FRAC. CALC. MASS FRAC.(IN. FM LWR WALL) (R) N2 12 H20 N2 H2 H20(S.D.)
2.52 1739(238) .50 .06 .32 .55 .60 .23
2.62 1783(250) .48 .60 .31 .52 .00 .22
2.72 1676(246) .50 .60 .33 .59 .(so .25

2.82 1635(231) -47 .60 .32 .51 .00 .22
2.92 1669(242) .51 .ae .24 .54 .00 .163.02 1544(256) .46 .00 .22 .48 .06 .15

3.12 1499(250) .44 .06 .21 .45 .66 .14
3.22 1374(255) .38 .33 .26 .60 .04 .20
3. 1129(308) .31 .48 .20 .64 .67 .27

3.42 857(276) ,23 .55 .13 .50 .09 .16
3.52 788(291) .18 .64 .11 .48 .12 .19

R094 (STA. 3, PHI - 1.0)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.(IN. FM LWR WALL) (R) N2 142 H20 N2 H2 H20
(S.D.)

2.52 1768(246) .50 .eO .32 .55 .90 .23
2.62 1756(226) .53 .00 .27 .57 .e .19
2.72 1597(224) .51 .00 .24 .55 .6e .17

2.82 1697(292) .51 .06 .- .48 .ee -
2.92 2 . . .. . .
3.02 1457(301) .45 .60 .13 .44 .008

3.12 1353(366) .37 .11 .11 .40 .61 .08
3.22 1155( 403) .28 .S .06 .32 .01 .04
3.32 1686(370) .21 .26 .64 .26 .02 .63

3.42 849(305) .20 .86 .04 .69 .21 .10
3.52 790(328) .15 .75 .63 .50 .18 .06
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TABLE I)-1
CARS DATA TABULATION (continued)

R095 (STA. 3. PHI - 1.0)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.
(IN. FM LWR WALL) (R) N2 112 H20 N2 H2 H20(S.D.)

2.52 674(16S) .6a .0 - .69 .60 -2.62 590(115) .65 .0 - .05 .00 -
2.72 640(121) .63 -. -

2.82 652(153) .68 oo - .69 .00 -
2.92 548(92) .52 .e9 - .67 .61 -
3.02 555(159) .50 .24 - .73 .03 -

3.12 533(58) .47 .30 - .74 .03 -
3.22 532(167) .51 .42 - .87 .05 -
3.32 478(142) .27 . - - -

3.42 465(164) .23 .48 .51 .08 -3.52 447(244) .21 .76 - .68 .14 -

R896 (STA. 3, PHI - 0.5)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.
(I'" FM LWR WALL) (R) N2 H2 H20 N2 H2 H20

2.52 9(167) .64 .00 .16 .66 .00 .112.62 622(131) .66 .00 .12 .67 .06 .082.72 776(173) .78 .eq .12 .80 .00 .68

2.82 629(115) .65 .0e .06 .64 .00 .64?209 A?& IAfl A Az .C3 -- .

3.62 684163) .62 .19 .oe .73 .62 .00

3.12 570(123) .54 .20 .00 .63 .02 .00
3.22 613(141) .57 .35 .03 .85 .04 .e3
3.32 571(117) .45 .39 .03 .70 .64 .03

3.42 536(206) .28 .55 .62 .57 .68 .03
3.52 488(137) .27 .61 .02 .61 .16 .03

R112 (STA. 2. PHI - 1.0, WEDGE)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC,
(IN. FM LWR WALL) (R) K12 112 120 N2 H2 120

2.36 le29(148) .76 .00 .11 .71 .00 .67
2.46 996(,.) .65 .se .11 .65 .00 .67
2.56 991(15 ) .69 .00 .12 .70 .00 .08

2.66 961(147) .59 .00 .11 .70 .00 .08
2.76 986(140) .66 .10 .19 .74 .61 .07
2.86 983(135) .54 .20 .09 .67 .02 .67

2.96 861(154) .48 .41 .04 .78 .65 .04
3.06 728(115) .35 .57 .62 .74 .69 .63
3.16 677(196) .27 .72 .02 .84 .16 .04

3.26 642(215) .16 .79 .02 .61 .21 .053.36 - .li .86 .02 .38 .22 .05
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TABLE D-1
CARS DATA TABULATION (continued)

R113 (STA. 2. PHI - 0.5, WEDGE)

HEIGHT TEW MOL. FRAC. CALC. MASS FRAC.
(IN. FM LWR WALL) (R) K2 142 H20 N2 H2 H20(S.D.)

2.36 999(S..3 .49 .60 .16 .48 .60 .662.46 962 156) .58 .60 .13 .58 .ee e6a2.56 1602(186) .59 .60 .10 .58 .ee .66

2.66 974(163) .64 .ee .12 .65 .00 ,es
2.76 956(173) .58 .16 .16 .64 .61 .67
2.86 1086(146) .36 .26 .16 .47 .e2 .66

2.96 818(164) .41 .43 .64 .68 .65 .e4
3.66 955(193) .24 .88 .02 .76 .26 .64
3.16 765(245) .24 .86 .02 .77 .18 .04

3.26 746(319) .15 .87 .02 .64 .35 .67
3.36 692(377) .11 .53 .62 .48 .26 .66

R114 (STA. 2. N2 ONLY, WEDGE)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.
(IN. FM LWR WALL) (R.) N2 120 N2 H20

2.36 965(146) .5s .1e .49 .66
2.46 964(151) .56 .12 .56 .68
2.56 944(162) .56 .10 .55 .66

2.66 941(163) .54 .12 .5V .68
2.76 981(1521 .58 .t1 .54 .Af
2.56 962(158) .58 .10 .57 .66

2.96 983(164) .65 .9 ,65 .66
3.06 944(163) .66 .67 .65 .64
3.16 925(153) .73 .66 .72 .64

3.26 834(121) .69 .03 .67 .62
3.36 785(132) .72 .03 .70 .02

R121 (STA. 2. PHI - 1.6, WEDGE)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.
M, .. i& rEu E1 K2 H2 H202.3 6" (S .D .)

2.3e 1912(224) .44 .Ve .37 .49 .60 .272.56 1916(248) .50 .ee .27 .53 .66 .19

2.66 1515(322) .40 .Oe .21 .41 .60 .14
2.76 1764(315) .42 .00 .26 .44 .60 .17
2.86 1282(376) .23 .33 .15 .34 .63 .14

2.96 1239(341) .24 .44 .13 .42 .05 .15
3.66 786s323) .12 .57 .67 .25 .05 .69
3.1t 636 315 .19 .59 .06 .21 .09 .08

3.26 670(761) .09 .72 .07 .28 .16 .14-
3.36 686(981) .07 .85 .65 .30 .31 .16
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TABLE D-I
CARS DAMA TABULATION (continued)

R122 (STA. 2. PHI - 6.5. WEDGE)

HEIGHT TEMP MOL. FRAC. CALC.&LASS FRAC.
(IN. FM LWR WALL) (R) N2 1-2 H20 N2 12 1420

(S.D.)
2.36 1795(267) .44 .60 .32 .49 .00 .22
2.46 1528(314) .46 .60 - .56 .60 -

2.56 1607(259) .48 .66 - .53 .e0 -

2.66 1591 (296) .43 .e - .53 .60 -

2.76 1594(253) .43 .60 .24 .45 .60 .16
2.86 1553(323) .36 .12 .23 .42 .61 .17

2.96 1376(354) .38 .51 .22 .63 .08 .38
3.06 987(336) .15 .84 .69 .56 .22 .22
3.16 798(344) .13 .81 .07 .56 .25 .19

3.26 741(511) @a (.82) .65 .35 .26 .14

5.30 692(51) .08 .82) .65 .32 .23 .13

R123 (STA. 3. PHI - 1.0. WEDGE)

HEIGHT TEW MOL. FRAC. CAMC. MASS FRAC.
(IN. FM LW WALL) (R) . N2 142 1H20 k2 142 H20

(s.D.)
2.52 718(121) .68 .B0 .11 .69 .06 .07
2.72 735(131) .65 .60 .11 .67 .60 .07

2.92 754(1404) .60 .6 .16 .68 .Be .66

3.12 723(134) .56 .60 .69 .55 .60 .06
3.22 683(112) .56 .23 .67 .72 .62 .06
3.32 630(133) .44 .35 .67 .66 .04 .07

3.42 604(114) .38 .46 .66 .67 .6a .07
3.52 582(123) .33 .52 .95 .64 .07 .96

R124 (STA. 3, PHI - 1.0, WEDGE)

HEIGHT TEMP MOL. FRAC. CALC. MASS FRAC.
(IN. FM LWR WALL) (R) N2 1M2 120 N2 H2 H20

2.52 712(122) .68 .60 .11 .69 .06 .67
2.72 762(118) .67 .61 .69 .68 .60 .66

2.82 707(115) .74 .60 .09 .75 .60 .06
2.92 716(128) .67 .60 .69 .69 .60 .66
3.62 711 122, tte ee .s .5 .A0; . 5

3.12 697(135) .61 .17 .08 .73 .61 .66
3.22 662(125) .63 .24 .67 .83 .62 .06
3.32 678(125) .49 .36 .06 .75 .04 .06

3.42 582(162) .45 .46 .06 .81 .66 .07
3.52 579(132) .36 .51 .06 .76 .07 .67
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TABLE D--I
CARS DATA TABULATION (concluded)

R125 (STA. 3. PHI - 0.5. WEDGE)

HEIGHT TEaP MOL. FRAC. CALC. MASS FRAC.
(IN. FM LWR WALL) (R) N7 H2 H20 N2. H2 H20

2.52 6168116) .68 .60 .1i .69 .e6 .67
2.62 681(140) .69 .66 .13 .70 .00 .0o
2.72 672(126) .68 .60 .12 .69 .ee .68

2.82 687(117) .72 .00 .14 .76 .00 .69
2.92 698(138) .66 .67 .10 .71 .61 .67
3.02 708(126) .71 .16 .12 .81 .61 .69

3.12 656(142) .66 .16 .68 .73 .61 .06
3.22 632(167) .65 .16 .67 .77 .01 .65
3.32 593(162) .57 .25 .07 .75 .02 .66

3.42 530(163) .56 .35 .ea .86 .04 .08
3.52 547(110) .48 .41 .66 .65 .05 .06

R126 (STA. 3. PHI - 1.0. WEDGE)

HEIGHT TEIP MOL. FRAC. CALC. MASS FRAC.
(IN. FM LWR WALL) (R) N2 H2 H20 N2 HZ H20

(S.D.)
.2.52 1547(278) .47 .66 .32 .51 .ee .22
2.62 1795(528) .33 .0e .33 .35 .ee .23
2.72 1855(448) .38 .60 .36 .42 .00 .26

2.92 To-8rn41 .i1 .10 .30 .25 .0 .23
3.62 2084(841) .06 .14 .29 .67 .01 .22

3.12 1872(745) .16 .29 .21 .23 .63 .19
3.22 2081(862) .07 .47 .15 .13 .66 .17
3.32 1646(796) .11 .56 .16 .23 .08 .13

3.42 1773(726) .65 .8a .08 .29 .35 .30
3.52 1336(596) .10 .72 .06 .31 .16 .12

R127 (STA. 3. PHI -0.5, WEDGE)

HEIGHT TEMP MOL. rRAC. CALC. MASS FRAC.
(ON. FM LWR WALL) (R) N2 42 M20 N2 H2 M20

(S.D.)
2.52 1882(276) .47 .00 .36 .52 .80 .26
2.62 1975(291) .45 .06 .36 .48 .68 .21
2.72 2078(333) .46 .00 .37 .52 .60 .27

2.82 1982(346) .45 .00 .30 .46 .00 .21
2.92 2023(446) .38 .16 .31 .46 .61 .24
3.02 1886(416) .35 .10 .25 .41 .01 .19

3.12 1856(466) .26 .29 .23 .34 .63 .22
3.22 15780516) .25 .50 .18 .52 .87 .24
3.32 1506(513) .20 .64 .16 .57 .13 .38

3.42 1298(468) .17 .63 .12 .44 .12 .20
3.52 1195(388) .14 .47 .12 .25 .05 .14
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APPENDIX E
THERMAL COMPRESSION ANALYSES

This appendix comprises the listings for the two FORTRAN computer programs, S.FOR and
S4.FOR, usable in calculating the test section flowfield structure, in accordance with the procedures
set forth in TASK 3: Thermal Compression Analysis.
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PROGRAM S.FOR

"* This program calculates the pressure rise through a supersonic *
"* combustor using a thermal compression wave to :i.imulate the *
"* pressure rise. No attempt is made to model the mixing of the *
"* fuel and air stream. The shock wave angles are determined from *
"* the properties of the air. *

1 REAL THETA(25),BETA(25),ANGLE(25),PPlTR(25),DELTA(25)
2 REAL XINT(25),PPlSR(25),M(25),YINT(25)
3 REAL NU
4 OPEN(2,FILE-'SUPFLAT.DAT')
5 OPEN(3,FILE-'S.DAT")
6 READ(2,10) M(1) ,THETA(2) ,GAM,H,FSHFWA
7 10 MORMA (6F1O.4)
8 CLOSE (2)
9 PI-3.1416

10 PPlTR(1)-l.0
11 PTPSRI-FPTPSR(M() ,GAM)
12 XINT(I)-0.0
13 YINT(l)-H
14 PPlSR(l)-l.0

C Theta's are turning angles. They are assigned positive anges.
C Convert input angle to radians.

15 THETAM()-0.0
16 THETA(2)u-THETA(2) *PI/180.
17 FWA-FWA*PI/180.

C Calculate initial shock angle of thermal compression wave
18 BETA(2)-FBETA(M(l),THETA(2),GAM,PI)

C Angle(I) is the wave anale, relative to hnoI42ovta1 ,In*,-=,- ,. -
C Angle(i) takes on positive values

19 ANGLE(2)-BETA(2)
C Find where the shock intersects the bottom wall

20 XINT(2)-H/TAN(BETA(2))
21 YINT(2)-0.O

C Calculate flow properties downstream of shock
22 PP1SR(2)-=FPSR(M(1),BETA(2),GAM)
23 M(2)-FMACH(M(l),BETA(2),THETA(2),GAM)
24 PPlTR(2)-FPTPSR(M (2) ,GAM)*PPISR(2)/PTPSR1

C Find the conditions downstream of the reflected shock
25 THETA(3)-THETA(2)
26 BETA(3 '1 T -- A(M (2)%T"IErA(3%IGAPI)
27 M'3)=FMACH(M(2),BETA(3),THETA(3),GAM)
28 PPITR(3)=FPTPSR(M(3),GAM)*PPlSR(2)*FPSR(M (2),BETA(3),GAM)/PTPSRI
29 PPISR(3)-FPSR(M(2),BETA(3),GAM)*PPISR(2)
30 ANGLE(3)=BETA(3) -THETA(2)

C Find where the shock intersects the upper surface
31 XINT(3)-(XINT(2)*TAN(ANGLE(3))+H+FSH)/(TAN(ANGLE(3))-TAN(FWA))
32 YINT(3)-XINT(3)*TAN(FWA)+H+FSH

.C The shock must reflect as an expansion wave
C Find conditions downstream of the reflected expansion

33 NU-FINDNU(M(3),GAM)+FWA
34 M(4)-XMACH(NU,GAM)
35 ANGLE(4)=(ASIN(l./M(3))s+ASIN(I./M(4))-FWA)/2.
36 PPlTR(4)-PPlTR(3)
37 PPlSR(4)-PP1SR(3) *FPTPSR(M(3) ,GAM)/FPTPSR(M(4) ,GAM)
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C Find where expansion intersects bottom Wall
38 X1NT(4)=XINT(3)+'iINT(3)/TAN(ANGLE(4))
39 YINT(4)=0.0

C Expansion reflects as an expansion
40 NIJNU+FWA
41 11(5)=XKACH(N1J,GAM)
42 ANGLE(5)=(ASIN(l./M(4) )+ASIN(l./M(5) )-FWA)/2.
43 PP1TR(5)=PPlTR(3)
44 PPISR(5)=PPIS!R(4)*FPTPSR(M(4) ,GAM)/FPTPSR(M(5) ,GAM)

C Find where expansion intersects top wall
45 XINT(5)=(XINT(4)*TAN(ANGLE,(5))+N+FSH)/(TAN(ANGLE(5))-TAN(FWA))
46 YINT(5)=XINT(5)*TAN(FWA)+H+FSH

C Expansion must reflect as a shock
47 THETA(6)=FWA
48 BETA(6)=FBETA(M(5),THETA(6),GAM,PI)
49 M(6)=FMACH(N(5),BETA(6),THETA(6),GAM)
50 PPlTR(6)=FPTPSR(M(6),GAM)*FPSR(M(5),BETA(6),GAM)*PPlSR(5)/PTPSRI
51 PPlSR(6)=F'PSR(M(5),BETA(6),GA?¶)*PPlSR(5)
52 WRITE(3,*) 'REGION X y Mach ST.P RATIO

iTOT. P RATIO'
53 DO 300 I1l,6
54 WRITE(3,77) I ,XINT(I',YINT(I),M(I),rPPSRý.I),PPITR(I)

55 300 CONTINUE
56 77 FORMAT(12, '2Xr3(F7.4,2X).,FJ.1.5,6XFll.5)
57 STOP
58 END

59 F'UNCTION FINDNU(MACH:GAM)
60 REAL MACH
61 FINDNU=SQRT((GAM+1.)/ý:GAM-1.))*ATAN(SQRT((GAM-1.)*(MACH**2-1.)/

1 (GAM+l.) )) -ATAN (SQRT(MACH**2-1.))
62 RETURN
63 END

64 FUJNCTION FeETA(MACH,THETAJ.GAM, PI)
65 R~EAL MACH

C tialize beta to 25 degrees
66 BETA=0.436
67 100 THETAN=ATAN(2 I' -COSSET)/SI(EAA) (4C*2(SIN (BETA)) *A2-i. 0))

l/1((MACH**2) *(GAM+COS(2.*BE.TA) )+2.))
68 1F(ABS(THETAN-THETA)*180./P1 .LT. 0.01) GO TO 120
69 BETA=BETA+THETA-THETAN
70 GO TO 100
71 120 Fl3ETA-BETA
72 RETURN
73 END

74 FUNCT[ON FPSR(MACH,BETA,GAM)
75 REAL MACH-
76 FPSR=(2.*GAM*MACFl**2*(SIN(BETA))**2-GAM4+1.C)/(GAI4+1.0)
77 RETUrU,
78 END

79 FUNCTION FPTPShx(MACH,GAM)
80 REAL MACH
81 FPTPSR= (1 4G~ .*MACJ.***2/2 )*(GAM/ (GAM-.))
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82 RETURN
83 END

84 I-UNCTION FMACHjMACH, BETA,THETA,(iAM)
85 REAL MACH
86 FMACH=SQRT((i.+((GAM-1.)/2.)*MACH**2*(SIN(BETA))**2)/((GAM*

1(SIN(BETA))**2*MACH**2-(GAM-1.)/2.)*(SIN(BETA-THETA))**2))
87 RETURN
88 END

89 FUNCTION XMACH(NU,GAM)
90 REAL NU
91 REAL LOWERM
92 LOWER==1.1
93 UPPERM=100.
94 DELTA=.0001
95 200 ;UESSM=(UPPERM+LOWERM)/2.
96 GUESSN=FINDNU (GUESSM,GAM)
97 IF (GUESSN .LT. NU) THEN
98 LOWERM=GUESSM
99 ELSE

100 UPPERM=GUESSM
101 ENDIF
102 IF (ABS(GUESSN-NU) .GT. DELTA) GO TO 200
103 XMACH-GUESSM
1 0A D,,,I1PbT

105 END

Compile time: 02.69 Execution time: 00.00
Size of object code: 4076 Number of extensions: 0
Size of local data area(s): 1097 Number of warnings: 0
Size of global data area, 900 Number of errors: 0
Object/Dynamic bytes fres: 401366/48876 Statements Executed: 0
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PROGRAM S4.FOR

1 PROGRAM SUPCOM
*********************** ********,**********************************i****

"* THIS PROGRAM TRACKS A THERMAL COMPRESSION SHOCK AND A *
"* RAMP-GENERATED SHOCK THROUGH A SUPERSONIC COMBUSTOR *
"* ALL GEOMETRIC ANGLES ARE INPUT AS POSITIVE VALUES IN DEGREES *

2 REAL THETA(50),BETA(50),ANGLE(50),PP1TR(50),DELTA(S0)
3 REAL XINT(25) ,YINT(25) ,PPlSR(50 ,N(50)
4 REAL NUMAVG,PSAVG
5 OPEN(2,FILEh' SUPRAM.DAT')
6 READ(2,10) M(1),THETA(2),GAM,H,FSH
7 READ(2,10) THETA(3),XRSFWAXRAMBR,DELTA(6)
8 10 FORMAT(SFI0.4)
9 CLOSE(2)

10 PI-3.14:6
11 PTPSR1-FPTPSR(M(1),GAM)
12 PP1SR(1) -1.0
13 PPITR(1)=1.O

C THETA'S ARE TURNING ANGLES--THEY ARE ASSIGNED POSITIVE VALUES
C CONVERT INPUT ANGLES TO RADIANS

14 THETA(1)-0.O
15 THETA(2)-THETA(2)*PI/180.
16 THETA(3)"THETA(3)*PI/180.
17 FWA-FWA*PI/180.

C DELTA'S ARE FLOW ANGLES--FLOW UP IS POSITIVE -- FLOW DOWN IS NEGATIVE
it 8kLTrA (1) -o. o
19 DELTA(2) --. *THETA(2)
20 DELTA (3) -THETA (3)

C DELTA(6) IS THE BACK RAMP ANGLE--INPUT AS a OSITIVE VALUE
21 DELTA(6)--1.0*DELTA(6)*PI/180.

C FIND VERTICAL LOCATION OF THE RAMP PEAK
22 YPEAK=XRAMBR*TAN(DELTA(3))

C FIND END OF RAMP
23 XEND=XRS+XRAMBR+YPEAK/TAN(ABS(DELTA(6)))

C CALCULATE INITIAL SHOCK ANGLE DUE TO THERMAL COMPRESSION
24 BETA(2)=FBETA(M(i),THETA(2),GAM,PI)

C CALCULATE SHOCK ANGLE DUE TO COMPRrESTION ImpE

25 BETA(3)-FBETA(M(1),THETA(3),GAM,PI)
C ANGLE(") IS THE WAVE ANGLE, RELATIVE TO THE HORIZONTAL, UPSTREAM OF
C REGION I ANGLE(I) IS A POSITIVE VALUE

26 ANGLE (2) -BETA (2)
27 ANGLE(3)=BETA(3)

C FIND WHERE SHOCKS INTERSECT
28 XINT(1)-(H/TAN(BETA(3))+XRS)/(1.+TAN(BETA(2))/TAN(BETA(3)))
29 YINT(1)=H-XINT(1)*TAN(BETA(2))

C CHECK IF SHOCKS REALLY INTERSECT IN DUCT
C STOP CALCULATION IF INTERSECTION POINT IS OUTSIDE OF DUCT

30 IF(YINT(1).LT.YPEAK) GO TO 1000
C CALCULATE PROPERTIES DOWNSTREAM OF SHOCKS

31 PPISR(2) =FPSR(M(l),BETA(2),GAM)
32 M(2) =FMACH(M(i),BETA(2),THETA(2),GAM)
33 PP1TR(2)-FPTPSR(M(2) ,GAM) *PP1SR(2)/PTPSR1
34 PP1SR(3)-FPSR(M(1),BETA(3),GAM)
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35 M(3)=FMACH(M(l),BETA(3),THETA(3),GAM)
36 PP1TR(3)=FPTPSR(M(3) ,GAM)*PPISR(3)/PTPSR1
$ý 7 I=2
38 J=4
39 K=3
40 L__5
41 CALL SHOCK(I,J,K,L,THETA,PP1TR,PP1SR,M,DELTA,BETA,ANGLE,GAM,PI)
42 ANGLE(4)=BETA(4)+DELTA(2)
43 ANGLE(5)=BETA(5) -DELTA(3)

C CHECK IF DOWNSHOCK WILL HIT RAMP ON THE BACK SIDE OF THE RAMP
44 IF(ANGLE(5).GT.ATAN((YINT(1)-YPEAK)/(XRS+XRAMBR-XINT(1)))) GO

iTO 1010
C STOP CALCULATION IF UPSHOCK WOULD REFLECT AS A SHOCK FROM TOP WALL
C FOR THIS CASE

45 IF(DELTA(4).GT.FWA) GO TO 1100
46 PP1TR(4)=FPTPSR(M(4),GAM)*PPlSR,(4)/PTPSR1
47 PPITR(5)=FP'rPSR(M(5),GAM)*PP1SR(5)/PTPSR1

C FIND WHERE UPSHOCK INTERSECTS UPPER WALL IF THERE ARE NO OTHER
C INTERSECTIONS THIS CALCULATION DOES NOT CONSIDER THE INTERACTION OF TH
C SHOCKS WITH THE SLIP STREAM BETWEEN THE FUEL AND THE AIR

48 XINT(2)=(H-YINT(1)+XINT(1) *TAN(ANGLE(4) )+FSH)/(TAN(ANGLE(4))
1-TAN(FWAfl)

49 YINT(2)=H+XINT(2)*TAN(FWA)+FSH
C FIND CONDITIONS DOWNSTREAM OF EXPANSION FROM UPPER WALL-REGION 13

50 DELTA(13)=FWA
51 N=-1
52 I=4
53 J=13

55 PPlSR(13)=FPTPSR(M(4)0 GAM)*PPISR(4)/FPTPSR(M(13),GAM)
56 PP1TR(13)=PPlTR(4)
57 DELTA (13) =FWA

C FIND ANGLE AND STRENGTH OF EXPANSION WAVE AT THE RAMP DISCONTINUTY
C SET N=1 SINCE THIS EXPANSION WAVE IS TRAVELING UPWARD

58 N=l
59 I=3
60 J=6
61 CALL EXPAND(I,J,N,DELTA,ANGLE,M,GAM)

C FIND WHERE EXPANSION WAVE INTERSECTS THE DOWN COMPRESSION WAVE
C THIS IS POINT 3

62 XINT(3)=(YINT(1)+XINT(1)*TAN(ANGLE(5))+XRAMBR*
1(TAN(ANGLE(6))-TAN(DELTA(3)))+XRS*TAN(ANGLE(6)))/(TAN(ANGLE(6))
1+TAN(ANC-LE(5)))

63 YINT(3) =YINT(1) -(XINT(3) -XINT(1) )*TAN(ANGLE(5))
64 PP1SR(6)=FPT'PSR(M(3) ,GAM)*PP1SR(3)/F'PTPSR(M(6) ,GAM)
65 PP1TR(6)=PPlTR('3)

C REGIONS 8 & 9 ARE DOWNSTREAM OF THE INTERSECTION OF THE SHOCK AND
C EXPALNSION WAVE

66 1=5
67 J=8
68 K=6
69 L=9

C EXPANSION WAVE IS TRAVELING UPWARD - IMPL1IES N=1
70 N=1
71 CALL EXSHO(I,J,K,L,PPISR,N,THETA,DELTA,M,BETA,ANGLE,PP1TR,GAM,PI)

C FIND INTERSECTION OF DOWNSHOCK WITH THE BOTTOM WALL
C THIS IS INTERSECTION POINT 4

72 XINT(4)=(YPEAK*XEND/(XEND-(XRS+XRAMBR) )-YINT(3)-XINT(3)
1*TAN(ANGLE(9) ))/(YPEAK/(XEND-(XRS+XRAI4BR) )-TAN(ANGL-E(9)))

73 YINT(4) =YINT(3) -(XINT(4) -XINT(3) )*TAN(ANGLE(9))
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74 IF(XINT(4).GT.XEND) GO TO 1020
C SHOCK MUST REFLECT AS A SHOCK--DOWNSTREAM OF SHOCK IS REGION 11

75 THE"TA(11)=DELTA(6)-DELTA(9)
76 DELTA(1.1)=DELTA(6)
77 BETA(11)-zFBETA(M(9),THETA(11),GAM,PI)
78 M(11)=FMACH(M(9),BETA(11),THETA(I1),GAM1)
79 PP1TR(11)=FPTPSR(M(11),GAM)*FPSR(M(9),BETA(11),GAM)*PPlSR(9)/

1PTPSR1
80 PPlSR(11)=FPSR(M(9),BETA(11),CAM)*PPlSR(9)
81 ANGLE(11)=BETA(11)-DELTA(9)

C FIND INTERSECTION OF REFLECTED SHOCK WITH SLIPSTREAM (POINT 7)
82 XINT(7)~=YINT(3)-YINT(4)4XINT(4) *TAN(ANGLE(11) )-XINT(3)

1*TAN(DELTA(8) )/(TAN(ANGLE(11) )-TAN(ANGLE(8)))
83 YINT(7)=YINT(4)+(XINT(7)-XINT(4) )*TANJ(AJNGLE(11))

C USE REGION 8 CONDITIONS TO CALCULATE SHOCK ANGLE AFTER INTERSECTION WI
84 THETA(10)=DELTA(6)-DELTA(8)

C DELTA(8) SHOULD BE MORE NEGATIVE THAN DELTA(6)
85 IF(THETA(10) .LT. 0.0) GO TO 1030
86 BETA(10)=FBETA(M(8),THETA(10),GAM,PI)
87 M(10)=FMACH(M(8),BETA(10),GAM,PI)
88 PPlSR(10)=FPSR(M(8),BETA(10),GAM)*PPISR(8)
89 PLLTR(10)=FPTPSR(M(10) ,GAM)*PP1SR(10)/PTPSR1
90 ANGLE(10)=BETA(10)+DELTA(8)
91 DELTA(10)=DELTA(6)

C CHECK WHERE SHOCK INTERSECTS SHOCK EMANATING FROM RAMP END
C USE AVERAGE CONDITIONS OF REGIONS 10 AND 11 AS INPUT TO SHOCK
C THIS IS POINT 8

92 THETA(12)=-1.O*DELTA(6)

94 BETA(12)=FBETA(MAVG,THETA(12) ,GAMPI)
95 M(12)=FMACH(MAVG,BETA(12),THETA(12),GAM)
96 PP1SR(12)=FPSR(MAVG,BETA(12),GAM)*(PPlSR(10)4-PPlSR(11))/2.
97 PP1TR(12)=FPTPSR(M(12) ,GAM)*PPlSR(12)/PTPSR1
98 ANGLE(12) =BETA(12)+DELTA(6)
99 IF(ANGLE(12) ~LT. ANGLE(10)) GO TO 1050
100 XINT(8).=(XINT(4)*TAN(ANGLE(11))-(XRS+XEND)*TAN(ANGLE(12))h

1YINT(4) )/(TAN(ANGLE(11) )-TAN(ANGLE(12)))
101 YINT(8)=(XINT(8)-(XRS+XEND))*TAN(ANGL1E(12))
102 IF(XINT(8) .LE. XINT(7)) GO TO 1040

C FIND WHERE EXPANSION WAVE INTERSECTS SLIPLINE (POINT 5)
103 XINwr(5)=YINT(l)-YINT(3)-XINT(1)*TAN(DELTA(4))+XINT(3)*

1TAN(ANGLE(8) )/(TAN(ANGLE(8) )-TAN(DELTA(4)))
104 YINT(5)=YINT(3)+(XINT(5)-XINT(3) )*TAN(ANGLE(8))

c IF(ANGLE(10) .GT. ANGLE(8)) GO TO CHECK IF SHOCK INT. WITH EXP.
C DEFINE REGION 7 DOWNSTREAM OF INTERSECTION OF EXPANSION WAVE WITH
C SLIPLINE IDEALIZE AS AN EXPANSION WAVE SIMPLY PASSING THROUGH THE
C SLIPLINE SECONDARY WAVES ARE NOT GENERATED-SIMPLY FORCE DELTA(7)
C =DELTA(8) REGION 7 CONDITIONS ARE DETERMINED BY ADDING THE CHAXGv
C IN FLOW ANGLE TO THE PRANDTL-MEYER FUNCTION OF REGION 4-SLIPLINE
C IS NOT TRACKED FARTHER.

105 M (7) =XM4ACH ((FINDNU (M (4) ,GAM) +THETA (8)),GAN)
106 PPISR(7)=PPISR(4) *FPTPSR(M(4) ,GAM)j'FPTPSR(N(7) ,GAMý)
107 PP1TR(7)=PPlTR(4)
108 DELTA(7)=DELTA(8)
109 200 M(12)=FMACH(M(I1),BETA(12),THETA(12),GAM)
110 XINT'(6)1=1.
ill YINT(6)1I.
112 WRITE(*,*) 'INTERSECTION POINTS'
113 DO 210 I=1,8
114 WRITE(*,205) XINT jT) ,YINT(.E)
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115 205 FORMAT(2F10.5)
116 210 CONTINUE
117 WRITE(*,*) 'FLOW DATA'
118 DO 215 I=1,13
119 WRITE(*,213) I,M(I),PP1SR(I),PPlTR(I)
120 213 FORMAT(I3,3F10.5)
121 215 CONTINUE
122 GO TO 5000
123 1000 WRITE(*,*) 'INITIAL SHOCKS DO NOT INTERSECT PROPERLY'
124 GO TO 5000
125 1010 WRITE(*,*) 'DOWNSHOCK INTERSECTS RAMP UPSTREAM OF EXPANSION'
126 GO TO 5000
127 1020 WRITE(*,*) 'DOWNSHOCK INTERSECTS DOWNSTREAM OF RAMP'
128 GO TO 5000
129 1030 WRITE(*,*) 'DELTA(8) IS SHALLOWER THAN BACK RAMP ANGLE'
130 GO TO 5000
131 1040 WRITE(*,*) 'REFLECTED SHOCK DOES NOT INTERSECT SLIPSTREAM'
132 GO TO 5000
133 1050 WRITE(*,*) 'WAVE FROM RAMP END DOES NOT INTER. REFLECTED SHOCK'
134 GO TO 5000
135 1100 WRITE(*,*) 'UPSHOCK MUST REFLECT FROM UPPER WALL AS AN EXPANSION'
136 GO TO 5000
137 5000 STOP
138 END

139 SUBROUTINE SHOCK(I,J,K,L,,THETA,PPITR,PP1SR,M,DELTA,BETA,
IANGLE,GAM, PI)

"* ITERATE TO FIND SHOCK ANGLES AFTER INTERSECTION *
"* MUST GUESS FLOW ANGLE AND ITERATE UNTIL STATIC PRESSURES MATCH *
"* FIRST GUESS FLOW ANGLE IS THE AVERAGE OF THE TWO INCOMING FLOW ANGLES*
"* NOTE: FLOW ANGLE IS NOT THE TURNING ANGLE *
* I DENOTES REGION UPSTREAM OF UPSHOCK *
* J DENOTES REGION DOWNSTREAM OF UPSHOCK *
* K DENOTES REGION UPSTREAM OF DOWNSHOCK *
* L DENOTES REGION DOWNSTREAM OF DOWNSHOCK *

140 REAL THETA(50),PPITR(50),PPISR(50),M(50),DELTA(50)
141 T•,'FrPG TT V T.I .. . .- . .. . .- -r -1

142 REAL GAM,PI
143 REAL BETA(50),ANGLE(50)
144 REAL TAVG, PAVG, TAVGJ,TAVGL, PSRJ, PSRL,THETAJ,THETAL
145 TAVG=(DELTA(I)+DELT, %K))/2.

C RAMP ANGLE AND T.C. TURNING ANGLE ARE INPUT AS POSITIVE
146 20 THETAJ=TAVG-DELTA(I)
147 THETAL=DELTA(K) -TAVG
148 BETA(J)=FBETA(M(I),THETAJ,GAM,,PI)
149 BETA(L)=FBETA(M(K) ,THETAL,GAM,PI)
150 PP1SR(J)=FPSR(M(I),BETA(J),GAM)*PPlSR(I)
151 PP1SR(L)=FPSR(M(K),BETA(L) ,GAM)*PP1SR(K)
152 IF(ABS(PPISR(J)-PP1SR(L)).LT..005) GO TO 40

C GUESS STATIC PRESSURE IS THE AVERAGE OF THE TWO CALCULATED VALUES
C CALCULATE CORRESPONDING FLOW ANGLES

153 PAVG=(PPISR(J)+PPISR(L))/2.
154 PSRJ=PAVG/PP1SR(I)
155 PSRL=PAVG/PPISR(K)
156 THETAJ=FTHETA(M(I),PSRJ,GAM)
157 THETAL=FTHETA(M(K),PSRL,GAM)

C CALCULATE FLOW ANGLE FOR EACH TURNING ANGLE
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158 TAVGJ=DELTA(I) +THETAJ
159 TAVGL= DELTA(K) -THETAL
160 TAVG= (TAVGJ+TAVGL) /2.

C LET THE FLOW ANGLE BE THE AVERAGE OF THE FLOW ANGLES
161 GO TO 20
162 40 M(J)=FMACH(M(I),BETA(J),THETAJ,GAM)
163 M(L)=FMACH(M(K),BETA(L),THETAL,GAM)
164 THETA(J)=THETAJ
165 THETA(L) =THETAL

C KEEP TRACK OF FLOW ANGLES
166 DELTA(J)=TAVG
167 DELTA(L)=TAVG
168 ANGLE(J)=BETA(J)+DELTA(I)
169 ANGLE(L) -BETA(L) -DELTA(K)
170 RETURN
171 END

172 SUBROUTINE EXPAND(I,J,N,DELTA,ANGLE,M,GAM)
********************IP***************************************** ********
* J DENOTES THE REGION UPSTREAM OF THE EXPANSION *
* J DENOTES THE REGION DOWNSTREAM OF THE EXPANSION *

* MU IS THE ANGLE OF THE WAVE REPRESENTING THE EXPANSION FAN *
* N=I FOR AN UPEXPANSION--N=-I FOR A DOWNEXPANSION *

173 REAL M(50),DELTA(50),ANGLE(50)
174 INTEGER I,J,N
175 REAL GAM,Nu

"* SET ANGLE OF EXPANSION WAVE FROM RAMP AS THE AVERAGE ANGLE OF EACH *
"* END OF THE EXPANSION FAN. *

176 NU=FINDNU(M(I) ,GAM)
177 NU=NU+ABS(DELTA(I)-DELTA(J))
178 M(J)=XMACH(NU,GAM)
179 ANGLE(J)=(ASIN(1/M(I)) +N*DELTA(I) +N*DELTA(J)+ASIN(1/M(J)) )/2.
180 RETURN
181 END

182 SUBROUTINE EXSHO(I,J,K,LPP1SR,N,THETA,DELTA,M,BETA,
IANGLE, PPITR,GAM, PI)

"* THIS SUBROUTINE CALCULATES THE FLOW PROPERTIES DOWNSTREAM OF THE *
"* INTERSECTION OF AN EXPANSION WAVE AND A SHOCK WAVE *
"* I=REGION UPSTREAM OF THE EXPANSION WAVE *
"* J=REGION DOWNSTREAM OF THE EXPANSION WAVE
"* KREGION UPSTREAM OF THE SHOCK WAVE
"* LKREGION DOWNSTREAM OF THE SHOCK WAVE
"* N=EXPANSION WAVE DIRECTION: 1 FOR UP AND -1 FOR DOWN *
"* ITERATE TO MATCH STATIC PRESSURE AND FLOW ANGLE *
"* GUESS THE STATIC PRESSURE TO BE THE AVERAGE PRESSURE OF THE
"* TWO INCOMING FLOWS *
"* CALCULATE THE FLOW ANGLE DOWNSTREAM OF THE EXPANSION FROM THE *
"* CHANGE IN THE PRANDTL-MEYER FUNCTION
"* CALCULATE THE FLOW ANGLE DOWNSTREAM OF THE SHOCK USING SHOCK
"* RELATIONS
"* SET THE DOWNSTREAM FLOW ANGLE EQUAL TO THE AVERAGE OF THESE FLOW *
"* ANGLES. THEN CALCULATE THE CORRESPONDING STATIC PRESSURES DOWN- *
"* STREAM OF THE WAVES *
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1.83 REAL PPISR(50),M(50),ANGLE(50),DELTA(50) THETA(50)
184 REAL BETA(50),PP1TR(5O)
185 INTEGER I,J,K,L,N
186 REAL NU,PSRL,PSAVG,DELAVG,PTPSRJGAM4 .PI
187 PSAVG=(PP1SR(I)+PPlSR(K))/2.
188 10 PTPSRJ=FPTPSR(M(I) ,GAM)*PP1SR(I)/PSAVG
189 M(J) =FINDLM(PTPSRJ,GAM)

C FIND FLOW ANGLE DOWNSTREAM OF THE EXPANSION FROM THE CHANGE IN THE
C PPANDTL-MEYER FUNCTION

190 THETA(J)=FINDNU(M(J) ,GAN)-FINDNU(M(I) ,GAM)
C MUST WATCH SIGN CONVENTION HERE TO TAKE CARE OF WAVE DIRECTION

191 DELTA(J)=DELTA(I) -N*THETA(J)
C CALCULATE THE FLOW ANGLE DOWNSTREAM OF THE SHOCK FROM THE CHANGE IN
C STATIC PRESSURE

192 PSRL=PSAVG/PP1SR(K)
193 THETA(L)=FTHETA(M(K) ,PSRL,GAM)

C SHOCK TURNS FLOW DOWN
194 DELTA(L) =DELTA(K) -N*THETA(L)

C GUESS FLOW ANGLE IS THE AVERAGE OF THE FLOW ANGLES IN REGIONS J & L
C CALCULATE CORRESPONDING PRESSURES

195 DELAVG=(DELTA(L)+DELTA(J) )/2.
196 THETA (J)=ABS (DELAVG-DELTA(I))
197 NU=FINDNU(M(I) ,GAM)+THETA(J)
198 M(J)=XMACH(NU,GAM)
199 PP1SR(J)=FPTPSR(M(I),GAM)*PP1SR(I)/FPrPSR(M(J),GAM)
200 THETA(L)=ABS(DELAVc-fDLFTTA(1(I),
201 BETA(L)=FBETA(M(K),THETA(L),GAM,PI)
202 M(L)=FMACH(M(K) ,BETA(L) ,THETA(L) ,GAM)
203 PP1SR(L)=FPSR(M(K) ,BETA(L) ,GAM)*PPlSR(K)
204 IF(ABS(PP1SR(L)-PPlSR(J)) .Lt. 0.005) GO TO 20
205 PSAVG=(PP1SR(L)+PPISR(J) )/2.
206 GO TO 10
207 20 PP1TR(L)=FPTPSR(M(L) ,GAM)*PP1SR(L)/FPTPSR(M(1),GAM)
208 ANGLE(J)=(ASIN(l./M(I) )+ASIN(1./M(J) )+N*DELTA(J)+N*DELTA(I) )/`2.
209 ANGLE(L)=BETA(L) -N*DELTA(K)
210 DELTA(L)=DELAVG
211 DELTA(J)=DELAVG

213 RETURN
214 END

215 FUNCTION FPTPSR(MACH,GAM)
216 REAL MACH
217 FPTPSR=(1.+(GAM--l.) *M4ACH**21/2.) **(GAM/ (GAM-1.))
218 RETURN
219 END

220 FUNCTION FLIETA(MACI-,THETA,GAM,PI)
2;ý REAL MACH

C initialiZe beta to 25 degrees
222 BETA=0.436
223 J-1
224 100 THETAN=ATAN( (2. *C)S (EFTA)/ISlU(BETA)* (IOACH* -2* (-3N(BETA)) **2-1.0))

1/ ( (ACH**2) *(GAM+COS(2. *BETA) )+2.))
225 !F(ABS( 'THETAN-THETA)*180./PI .LT. 0.01) GO TO 120
22, 6 bETA=BETA+THETA-THETAN
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227 J-J+ 1
228 GO TO 100
229 120 FBETA=BETA
230 RETURN
231 END

232 FUNCTION FPSR(MACH,BETA,GAM)
2Q~ REAL MACH
234 FPSRý:(2.*GAM*MACH**2*(SIN(BETA))**2-GAM+1.O)/(GAM+1.0)
235 RETURN
236 END

237 FUNCTION FMACH(MACH, BETA, THETA,GAM)
238 REAL MACH
239 FMACH=SQRT((1.+((GAM-1.)/2.)*MACH**2*(SIN(BETA))**2)/((GAM*

l(SIN(BETA))**2*MACH**2-(GAM-1.)/2.)*(SIN(BETA-THETA))**2))
240 RETURN
241 END

242 FUNCTION FINDNtl(MACHGAM)
243 REAL MACH
244 FINDNU=SQRT((GAM+1.)/(GAM-1.))*ATAN(SQRT((GAM-1.)*CMACH**2-1.)/

l(GAM+1. )) )-ATAN(SQRT(MACH**2-1.))
245 RETURN
246 END

247 FUNCTION XMACH(NU,GAM)
248 REAL HU
249 REAL LOWERM
250 LOWERM=1.1
251 UPPERM=100.
252 DELTA=.0001
253 200 GUESSM=(UPPERM+LOWERM)/2.
254 GUESSN=FINDNU (GUESSM, GAM)
255 IF (GUESSN .LT. MU) THEN
256 LJOWERM=GUTTSCMi
257 ELSE
258 UPPERM=GUESSM
259 ENDIF
260 It' (ABS(GUESSN-NU) .GT. DELTA) GO TO 200
261 XMACH-GUESSM
262 RETURN
263 END

264 FUNCTION FTHETA(MACH,PSR,GAM)
265 REAL MACH
266 FTHETA=ATAN(SQRT(((PSR-1.)/(GAM*MACH**2-PSR4+1.0))**2

1* (2. *G~ky4P.Cf**2- (GAN-- . ) -(GAM+1. )*PSR)
1/( (GAM+1.) *PSR+(GAM-1.))))

267 RETURN
268 END

269 FUNCTION FINDLM(PTPSR,GAN)

270 FINDLM=SQPT((PThSR**((GAM-1.)/GAM).-l.)*2./(GAM-1.))



271 RETURN
272 END

Compile time: 04.45 Execution time: 00.00

Size of object code: 10980 Number of extensions: 0

Size of local data area(s): 2703 Number of warnings: 0

Size of global data area: 1600 Number of errors: 0

Object/Dynamic bytes free: 257516/46878 Statements Executed: 0
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